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THE OPTICAL SYSTEM OF A BALLOON TELESCOPE FOR HIGH RESOLUTION
FOURIER SPECTROSCOPY IN THE INFRARED SPECTRAL REGION¥*

Reiner Hofmann#®#

1. Introcduction

1.2, Problem Hormulation

The chemical composition and temperature of interstellar J1EE¥
infrared sources, for example, cdouds and collapsing gas:clouds,
will be investigated in order to obtain new information on the
production of stars, interstellar materlal, and cosmological
problems, for example, the H/D ratio. Such information is con-
tained in the line radiation of variocus molecules, and these
Iines are distributed over the entire iInfrared spectral range.
Some examples for wavelengths and intensities of the most impor-
tant lines are given in Table 1. The absorption by dust, which
usually surrounds the sources, is not considered [1].

We wish to investigate the largest possible spectral range
with a high resolution, in order to observe these lines. We
wish to'investigate the spectral range between 5 and 200 U, and
probably several dispersion elements will be required. PFirst of
all, we will only consider one single dispersion element in the

¥MPI-PAE/Extraterr. 103, September, 1974.

¥*Max-Planck Institute for Physics and Astrophysics,
‘Institute for Extraterrestrial Physics. -

¥*%#¥Numbers in the margln 1ndlcate pagination of original
foreign text.
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range up to 200 h, and we are considering the lower limit of

20 y as a target.

The atmosphere in this spectral range 1s partially optically
dense, which will mean that the experiment has to be carried out
at the highest possible altitude. Because of the low intensity
of the interstellar sources, 1ohg measurement::times are desirable.
because, 1n the case where the detector is the dominating nolse
source, whibh ¢orresponds to the present state of the art in the
far infrared for optimum design of all components, the signal-to-
noise ratio 1s proportional to the square root of the measurement
time. Therefore, the measurements can only be carried out with
an instrument carried on a balloon, considering the present state
of the art. The maximum possible altitude 1s about 50 km. Even
there, the radiastion power reaching the detector per line from
the residusl atmosphere (primarily COp, NG, H,0, and O3 here) /3
" can still amount to between 2 and 3 powers of LOntimes the
detectable power per line from the investigated interstellar
sources.

In order to be able to detéct the radiation of these weak
sources, hevertheless, theif signal must be very accurately
separated from the signal of the atmospheric radiation. In
practice, this 1is done by formihg the difference from two
measured values, and one of theée values 1s only determined by
the radiation flux of the atmosphere. The other also contains
additional information about the flux from the interstellar
gsource. In this paper, we will discuss how this difference 1s
formed and we will discuss the selection of the sultable

detector.



The main emphasis 1s on the selection and bp%imization of%g_sqiﬁable)

dispersion element and its adaptation to the telescope and the
detector, considering the special features of the balloon flight.
In the first chapter, we will only discuss this problem.

1.2. Boundary Conditions, the Influence on the Dispersion

Element Concept

One impof%ant point 1s the compatibility bf the dispersion
element and the optical components of the telescope. Here we
have no restrictions on the selection of the dispersion element
becsguse, for the time being, only the diameter of the main
mirror is specified at 1 m. In addition;’'we require that!theé
main mirror should have a short focal length, in order to have
a small length of the telescope, The secondary mirror should
not be too large, s¢ that the vignetting of the main mirror will

" remain small. In addition, it should also possibly be used as
a rocking mirror, which alternately will image the source énd an
area of the sky as-:close to the source as possible without the
infrared source onto the detector. This can easily be done for /4

a small mirror dilameter.

Additional points, which must be considered when selecting
the dispersion element, are the following:

i) the dispersion element and the detector should be
designed so that in one measurement period it is possible to
process the spectral range between 20 and 200 wn.

ii) we want to have a resolution of QR 3£%I=Lf3_}-ﬁ?

over the entire spectral range.. Ce e



iii) because of the small source ihtensity, we must have
optimum light yield and minimum eigen radiation of the instru-

ments.

iv) a maximum of two hours are avallable for recording
a spectrum because of the motion of the sources in the sky. If
possible, no more than 30 minutes should be used for one

measurement because of the limited balloon flight time,

The boundary conditions refer to the 1ast stage of the
experlment It is therefore possible that various requirements
Wwill have to be modified or reduced for practical reasons.
Therefore, we wilill always..consider the final version of the
dispersion element and wé will ‘try to use it, if possible.

1.3. Consequences of the Boundary Conditilons

The requirements and boundary conditions specified above

lead to the following conclusidns for selecting the dispersion
element : '

1) the use of normal dispersion grids:

If electromagnetic radiatibn from the wavelength range A,
to A2 falls on & grid with a grid constant d, then an nih
spectrum is obtained with an angular separation between

ﬂﬁ, = nR, /d| to ;‘?’-n&ﬂl of zerp order. If 1}:2?.2&1\% » then |

the spectra of the flrst and second order will partially overlap. /5
For Ay = 20 u, the first and se%ond order spectra overlap already-
for A 2 40 pu. Therefore, the‘gﬁven wavelength range can only

be observed--if exchangeable filkers are placed in front of-the

|

grid, which each let a maximum Pf ‘one octave pass through. In



- —

order to record the spectrum between 20 and 200 p, 1t would he
necessary to have four filters, which would have to be exchanged

. 1
during the measurements. ‘

Another disadvantage of the dispersion grid is the low 1
light yield. If the required resolution is to be achieved, then
the ray divergence at the dispersion element and, therefore, the
energy flux would have to be reduced The multiplex technology#®
2] coulad help here, but it requlres complex technlques and can
only be used to a limited exteqt3

ii1) Use of prisms:

Prisms are not very well suilted for wideband infrared
spectroscopy, because no materials eXist which have sufficient
transmissivity and dispersion capacity over the entire spectral
range. In addition, because tﬂey”do not have ideal transmissi-
vity, prisms have a high emissﬁvity, which contradicts the
requirement for minimum eigen fadiation} Their light yield is
just as low as that of the disp@rsion grid.

}

1ii) Since not much more than 2.+ 10% sris tb be-used for
recording of spectfﬁvrand, for @he required resolution of R 2 10°%,
at least 5 * 10° measurement po@nts are to be determined (see
below), the grid or prism scan methods will allow a maximum
measurement time of 0.l geconds’ per spectral element j- This
integration' . fime produces such a small signal-to- noise ratio
that 1t is not usable for observing weak sources,.

The number of measurement boints per spectrum is found

from the following: for a grld spectrometer, we have

*Hadamard spectroscopy.



A/BX = R '=“cE>n”sEE with R = 10° we then have Tor A = 20 m: AA = /6
0.02 p and for A = 200 u: AXA =}O.2 L. For 20 p, therefore, 5H0
measurement polints are required?for 1 and for 200 hfS- measure-
ment points are régquired 1n'ordér to“haVe‘the‘désiréaﬁresolution.
On the other hand, we have AA ~;l, so that, on the average,

(50 + 5)/2 = 27.5 measurement ppints per u must be recorded., If
this number is multiplied with the width of the spectral range

of interest of;(ZUO - 20)u = 18p W, we obtain the number of

. ‘
measurement points gilven above.:

iv} Another instrument which can be used for astronomical
measurements 1is the Fabry-Perot tippling filter (see 2.4.2),
which provides good light yield; because the ray dilvergence at
the instrument can be just as large as in an interferometer.
However, its useful spectral rapge is very narrow (less than
one tenth of the central wavelepgthi.. Therefore, 1t is not
suited for recording spectra with a large width.

v)  The points (i — v) show that conventional spectro-
scopy 1is not suited for the problem formulated here, TFoutriler
spectroscopy 1s a solution. Its essential advantages are the

fellowing: 4

a) all spectral elementsicam be recorded at the same time
and, thereforg, over the entireémeasurement time, and
: 1 -
b) for a high resolutiong it i1s possible to have a
relatively large ray divergenoe{at‘the dispersion element and,
therefore, a high light yield, which can also improve the signal-

nolilse ratio.

" he Fourier spectroscopy is especially well suited for
wideband recording of spectira of extended sources, with a low

radiation..intensity. .- L



AA,Théfefdfé, only an interferometer can be used ééAa disper-
sion element. Various types of instruments should be compared.
First of all, we will discuss ﬂhe‘Fourier'spectroscopy theory
as far as it i$ important for dur problem.” T



|
i
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2., Theoretical Foundations of Fourler Spectroscopy

2.1. Various Methods of Spectroscopy

High resolution spectroscepy from the ultraviolet to the
infrared spectral range is perﬁormed almost exclusively by
producing phase differences between interfering ray bundles.
The purpose of spectroscopy 1s always to determine the radi-
ation intensity of the source as a function of wave number or
wave length. In other words, a Fourier decomposition of

intensity is made for a given source.

If we consider the operatlonal principle of varlous dis-
persion elements, it can be seen_that as-gﬁemg;ggresses from
the prism to the grid and thenito the 1nterferometer, this goal
becomes more and more simple ph&sically, but the goal is not
realized completely [2]. i

|

In the prism, the incidentﬂparallel light bundle is
divided into an infinite numberiof'rays, which pass through
various layer thicknesses of the prism material and thus
obtain correspondlng phase differences compared with a
reference beam. These rays 1nterfeﬁ%1n the 1mage plane of
a collimator system so as to prpduce a unique spectrum for
finite spectral regions. )

|

In the case of the grid, the number of ray bundles equals
the number of grid lines, whlch{ls a finite number. Therefore,
the-spectrum- produced in the 1mage pane repeatsnperiodically
and various orders are producedL "For a spectral range of a
given width, the spectra overlap, starting with a certaln order
'and'tﬁey are no longer uniguely determined.



ff‘we ﬁeﬁ consider the Michelson interferoﬁetef; then the
number of interfering rays is reduced to two. It is then no
longer possible to determine the spectral distribution of
intensity from'the”interferehce pattern. This information is
contained in the dependence of‘the interference pattern on the
phase difference, which can belchanged using a movable inter-
ferometer mirror. For exampleJ if the intensity of the central /8
spot (see 2.3.1) of the interference pattern is recorded as a
funetion of mfﬁror position and, therefore, ofjphase difference
of the interfering rays, then ﬂhis function, the "interferogram,”
contains the total spectral information. Later on, we will show
that the interferogram is the same as the Fourier transform of
the spectrum.
i

The best way to represent .the spectrum 1s to use a prism.
The spectrum is not as well represented if a grid is used. The
interferogram produced by the ihtérferometer cannot be used to
directly determine the spectruﬁk The reason for this spectrum
representation is the differenténumbers of interfering ray
bundles. The interference of an infinite number of bundles in:
the case of tThe prism is an anaﬁog representation of the Fourier
transformation. The prism produces not only phase differences

between rays, but also it provibes a good presentation of the

|

i

i 5 S : :
In a similar way, the grid| produces not only phase differ-

spectral information.

ences, but also produces a repr%sentation of the spectrum, even
though it is not unique. It contains a type of analog computer

for the Fourier series.

10



w“%ﬁéAihgéfferometer no longer produces such a.re§resentatidﬁ;
1t only produces the phase differences. However, the instrumengd
1s so simple that it is easy to analyze the production of the
phase difference betweéen the tﬁo rays. In addition, the shift
of the movable mirror is correlated with the phase difference in
a simple manner. By measuringjthe mirror shift and the intensity
of the central spot, we obtain%enough information to carry out
the Fourier transformation. The interferometer therefore has one
function less than the grid and the prism. This leads to the
fact that the limitations placéd on the ray path are not as
limiting as in conventional diépersion elements, which means
that a greater ray divergence can be used than in the case of
the interferometer. This results in a better light yield.than /9
would be possible for a prism.and_grid for the same resclution.
The diagram of the informationfflux for conventional and
Fourier spectroscopy:ié shownjin Figure 1,

One disadvantage of the iﬂterferometer is the fact that a

very complex auxiliary instrumeﬁt is required to obtaln a
spectrum, which 1s the computeﬁ. It can be eilither analog or
digital, but' for the required ﬁesolutions and the large number
of interferogram points, only iigital computers can be used.
For these computers, aspecial prbgrams are available today whilch
make it pessible to calculate aéspectrum in an acceptable amount
of time, even 1f a large number:of polnts are being processed,.
(P. Connes haé‘recorded planeta;y spectira with 10° polnts using
this method [3, 4].) One bilg advantage is that the computer
can be used in a universal way,!

¢

which makes it possible to’
transfer many problems from thefexperimenﬁ to the calculation.
For example, 1t 1s possible to %educe the resclution of the
spectrum at a later time in favor of the more favorable signal-

1

e e 1
noise ratio. ‘ %
§

11
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2.2. Mathematical Foundations of Fourier Spectroscopy

5.2.1. The Fourier transformation

Let 1t be assumed that a quasi-monochromatic radiation
bundle is given, the flux of which 1s concentrated around the
wave number ¢ in the interval do and that 1t amounts to ‘Blz)de|
there. It impinges on the interferometer and 1s then divided
into two ray Bundles, between which the phase difference x is
produced. After superposition of these bundles, the resulting
flux equals 5 (#)d8 (1 + cos 213 x) | (see 2.3.1).

By changing x, the radiation flux is modulated. The non-
constant part of the flux, plotted agalnst x%x, is called the
interferogram. The constant term does not furnish any infor-

mation and 1s automatically suppressed after the detector, when

using an alternating voltage ampiifier.
g

For a‘non—monochromatic.sgectrum, the idealized interfero-

gram 1s given by the integral df the modulation term over the
!
spectral range:

) = [s@ coszmands = Re [8@)e a1 o)
R A S ' ‘

B{g) only has.physical meaning for o 2 0. For the mathematical

operations, it is advantageous ﬁo gxtend the range of definition

of B to the negative real numbe&s, and to divide B into an even
and uneven part:

"'f--i'fité’)ﬁrl:”'ne(é) + B () \ (2.2)
‘ ‘ e . o

13
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with
' : ' . Jie
Lo (12 Bl | pop (=20

.}.3.e_(es’). = ‘ - . . 1} , :"
° Lz ke | for feco

and

P £ V2 B(=) for\e»o'

b= 1/2 B2) fpr \a’-ru

Using this definition, the Fourier transform of the spec- /11

trum can be written as

5@0..S3@0 PRI f@@@(352%%¢Q¥ZIGGQJWQZ&WQ

- ‘.,zjs (g) “”"’a/g,‘ja @e =

and

ke (.@w)— f/s @)L jsec.e) co:..%;xaé’ “CI| (2.3)
h - SR
i.e., the inteferogram is a reai part of the Fourier transform
of the spectrum or: the interf?rogrém equals the PFPourier ftrans-
form of the ev%n.part of the sp%ctrum. Therefore, one obtains
the even part of the spectrumwb& the reverse transformation of

the interferogramm }

i
i

‘18 (g) j;‘&) % -?/‘3 jF’{x) co_s‘.?/?‘e?xa& —2;»‘&) CO.S‘QTJXQ/—\( (2 L[)'

-The-spectrum- - itself 1s glven byiz * Be(o) for o-2-0. - o=

14



. ( . _
2.2.2. Determination of the dpectrum from the

interferogram

i} The resolution.

The formulas given in theflast section are mathematically
correct but dc not correspond ﬁo the experimental facts. A
substantial change in the eXprQSsions given up to the present is
produced by the fact that only?a finite phase difference can be
produced using interferometers. This effect is considered by
introducing a welghting function A(x) in the integral (2.4):

CB@) = f Fle) A b cos Sraxals = f AR) Fl@-g)ole = A(@)xF&E)| (2.5)
.I :

This means that the reverse-transformed spectrum is the convolu-

tion of the input spectrum and ithe functilon A. The spectrum is

smeared and 1s superimposed with iines, which correspond to a

: R
side maximum of A. A(g) is an oscillating function. For £/12 \{

example,wif B(o) = 6{(c - 0¢), tFen the transformation produces:
B'(0) = A(o ~ 0o). If the Interferogram is truncated at x = X
and if the measured values are %hen transformed without further
mathematical manipulations, thep A equals the rectangle function
R, defined by: |

(3] T xex
Ry (x) = | :

The Fourier transform of this function is [5]:

~—

P .‘ 'sin mg}{“ DN . ‘
‘. R (5)=2X ,—“_—_.1,3 — = 2xX - s1ncf2¢?xj'\ (2.6)
where sinc[x] = sin mx/wx. This expression also, at the same
Ctime) represérits the instrumentipfdfile of 'the interfTerometer

- (Figure 2). 15
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Figure 2. Instrument profile and definitlon of halfwidth.

In general, the spectral resolution is defined as the
halfwidth of the instrument profile (hi in Figure 2). This is
certainly meaningful for conveﬁtional spectroscopy, where the
origin of intensity is uniquely specified by the measurement
specification and, therefore, no negative intensities occur.
In the case of Foﬁrier spectroscopy, such an origin does not
exist and, 1lnstead, it is determined by the data processing
method. Usually, the constant term of the interferogram is
suppressed by an alternating voltage amplification of the
measurement signal. Thig leads to the fact that negative
intensities can also cocecur in the calculated spectrum. One
example of this is the transformation of a spectrum consisting
orily of a delta function, that i@%of the instrument profile.
For X = 3/4l,;we find R(er) = - 2x+ 2= )

16
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AS we can easily see, thié'value equals the'absoiute minimum
of the intensity distribution. Therefore, the usual definition
of the resolution capacity can be accepted 1If the minimum of the
calculated speétfum'is'COnsidefed to be the rnew origin. The ‘
magnitude of the maximum is then given by:

2X- (1 +"2/37f). ‘=‘2‘X"11.212 .
and the half value is ék-o,éoe%

The resolutlon is defined;as the wave number interval §o,

for which wé have:

sin (27X $2/2)

L2x e =X
' ‘?ﬁ-’X'{cs’/z C

+ DX B =2X.0 606

ar

“ J??éw3KH&£é?

. '?Xf. "2W¢¥-{QZQ = '£D<ﬁ¢2f99£
The solutién éf this;eé;atioﬁléivés:
27X-Gi/2 = 0,817
or R o :
B 0

|
1

~
[
=

This selection of 8¢ correbponds to ha in Figure 2. In

|

the literature, this fact is not taken into account and the
half width is calculated with réspect to the first zero of
gintc, so that the resolution is

. Sé' = 07,607/)(

C e 1T e J— - e - -

The deviation is not very large, but becomes important if we
consider the fact that the inte;ference shift 1s determined
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fféﬁJEHié-feiétionship, which 1s required to proﬁuée this
resolution &o.
E

Here we should dlso menfiion the fdet that (2.7) shows that
there 1s a considerable difference with respect to the resolution
of refraction grids. In our ca%e, 80 1s determined by the maximum
phase difference and is, therefbre, constant. We have the
following relatlonshlp for the resolution of refraction grids
for spectra of mit'—h order for n effectlve grid lines:

ﬁ/A}C = é/Ad ..;.m..' n_?,con_st’

and AX or Ac vary. On the other hand, in the c¢ase of interfero-

meters, the resolution is prceportional to the wave number:

R = %}g =é/const- 1

The resolutien defined by‘ﬁ2.?) can only be achieved if the
measured data are directly used; for the Foukder transformation.
This corresponds to the selection A(x) = R(x) in (2.5). If
another welighting function 1is s?lected for A, in general functions
are used which decrease monotonically Eo zerﬁf}when one speaks
of apodisation, then o is enla?ged. A(o) is always "wider" than
R(cs). By suitably choosing A, we can make the side maxima of
the weighting function smaller %han those of R, or we can make
them vanish completely In this way, under some conditions,
it is p0581b1e to separate a very weak line which is at the edge
of a strong line, from the stropg line. If the side maxima of
A are sufficiently small, then it is possible to improve the
unigue nature considerably when;assigning lines in unknown
spectra. !

REMARK:" "In the case of conventional spectroscopy, we have /15

a similar effect. The spectrum is convoluted with the instrument’

|
1oren
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profite: |

B @) = B(e) £ 5 .

For a rectangular slit, S alsdfhas'the form (sinxz/x)? here.

ii) Support points and iﬁterpolation:

A second deviation from the ideal mathematlcal model caused
by the experlment is the fact that the- 1nterferogram F(x) is not
~glven analytically but by M measured points. For M equidistant
measurement points, F(Xx) can be represented as a step function
with steps having the width x = X/M. The function value for
each step is then given by the measurement point which lles in
its x interval. The integral then vecomes the following:

8&"(&_—,’,.),: 2 7‘?’ 27 F(Xm) A(""ﬂ") ca‘.r.?#e:’nxm \ (2.8)

T
| m
and : ,
g Lon

l . N .
GLlls the maximum wave number 'in the spectrum. Thus, one

with

14

1:.—.m= mX/M | Tor ,oh = n&, /N

-

i
R

,H 7

4

obtains a Fourier series, where the X .as well as the o values
are only used at discrete points. In order to again obtain
an integral representation, thei"delta compb" is defined

where here we must set x = X/M.! By using this symbol, (2.8)

|
can be written as: : ‘ Y

@) =% f_'b_/% (x)-_'A(x).F—(x):corzﬁ‘efo_eféff._\ FENTEE

Z
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Since the Fourier transform of the delta comb is‘again a delta

comb, we can write the following in o space [5]:

.‘_Se"(gg_‘) = L, .(?)*.’2"(;).*, B.(2). f (2.10)

According to this definitipn, the comb is periodic in o /16

with the perlod length 1/x. Bé(c) is explained by a convolution

with the comb:f Therefore, Be hés the same periédicity as the
comb.

Now, X must be specified so that the spectrum can be
contained in a range having the bandwidth smaller than 1/2.
{In the period 1/%, the "physical' spectrum must be included
two times, because the "mathematical" spectrum contains also
the part wilth the negative wave. numbers to —dM.) Therefore, we
have: ' o

o . S
L1/% = 28w or ‘Xo= X/M = 1/23, (2.11)
which produces a relatiocnship bétween spectral range, maximum

phase difference, and number of interferogram points: .

N (2.12)

The number of support polints of a spectrum which extends over a
spectral rangé from ¢ = 0 to &=sy| with spectral elements having
widthsuaz=”;/2# is given by:
=
A2

= 284X = N )
L _
|

SN (2.13)

The selection Af= 1/2x| makes sense because, for this case, A2 <SS |
[ &0 is-the resolution according;to Equation (2.7)1.° The number |
of support points in the interf%rogram and in the spectrum can

be selected the same (the expressions given here result in minimum

20



values and, by using a larger number of measurement points, we
can bring about a simpler inter?olation in the speetrum)}.
i
The following theorems-are}important'for'eValuating the

I
'

interferograms [5]:

For an Interferogram with.é maximum phase difference of X,

we have:

1.) There are exactly W = 2% X| iIndependent points which
uniguely define the spectrum between ¢ = 0 and ¢ = UM.

2.) All other points of the spectrum in this spectral /1

range are determined by interpolation using the N independent

points.

The statement made in l.)'iS'oalled the sampling theorem.

k

2.3. Physical Foundations,K of Fourier Spectroscopy
i
!

Wg will now inveftigate thé physical processes which lead
to the creation of the interferégram and the resulting relation-
ships between resolution, maximum phase difference, and light
yield. f

_ We can consider the Michelson interferomeﬁér in its simplest
form as a dlspersion element. Its construction and operatlon éré
easy to understand, bavefa high degree of symmetry, and produce

no side effects in contrast to other dispersion elements, which

are disturbing in our fundamental analysis.

1
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2.3.1. Production of the inferferogram using a

Michelson interferometer

As shown in Figure 3, theiinstrﬁmeﬂt consists of two flat
‘mirrors perpendicular to each dther, of which one is fixed and
the other ¢an be displaced in the direction of its surface
normal.. Between the mirrors, ﬁhere.is a ray divider whose
surface normal 1s inclined by'QSG wlth respect -to the normals
of the surfaces:.of.'the mirrorsﬁ In the ideal case, this ray
divider reflects 50% of the incoming radiation onto one mirror
and lets 50% pass through to the other mirror. Both mirrors /18
reflect the radiation back to fhe ray divider and half of the
flux contained in the rays leaves the -instrument perpendicular
to the incident direction and then reac@e§mfﬁimgiﬁ?ffgfmt?roughra
collimator. The other half is reflected in the 1nclident direec-
tion. (Of course, these values are only valid on the average,
because the actual values change w1th the position of the
mirrors, with respect to each.other.l

Now we will assume that a. plane monochromatic wave hits the
interferometer at an 1nclinatlon angle of o with respect to the
optical axis. In order to find the phase difference between
the two refiected partial rays,]Figure 4 shows one of the mirror
surfaces rotated around the cenﬁral point of the ray divider
in such a way. that it 1is parallel to the other one. The ray
path is ihvariant with respect fo this rotation. For the rays
shown, we obtain the following expre551on for the phase dif-
Terence (solid line in Figure M) for a mirror separatlon Z:

X = z/cosrx+ (z/coszx - 2, tano</31n0<) é_]:._.
 1-¥ 2: (L/coaa - tanC(51no€) 2? ‘(1 - 51n%x ) '

SR cosox | (2.14)
’-.xl:‘ 2z . coso( ‘
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i el
S o ETTTT -
. iincoming | U R
iradtation| T |
lray dtvider| - | [mirror 2|
. _<.l::'>.icondens'or
ito detector |
Pigure 3. Miechelson interferometer.
The phase difference is then:
K = 2rex = 24222 ol . '
8 marexsawrcsx | (pp)

where ¢ 1s agaln the wave number of the considered moncchromatic

radiation.

If we assign the amplitude 1 of the electromagnetic field
to both rays, and if, in addition, we set the phase of one field
vector in the image plane equal to zero, we obtain the following
for the field of the interfering radiation:

¥‘ 3'=r1‘+.¢i5 = e357?42,c0505/2)_ K\

cr Tor:the energy density:
1._1';«--}3‘.1'*1:"’lr =2 (1 +cosb§) =2 (1+ cos 27 x)- \ (2.16)
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The Intensity distribution
v in the image plane is found from
‘ {2.16) if we consider that\to
. o f each direction in the field of
mirror 1 ‘ .
e ‘ [ plane waves in front of the
mJ_rror 2 ,

- {7 ecollimator, there is assigned one

—_— e —— . ——

i S point in the focal plane in a

e Z:;iséf'“'“ff unigque way and that the entire

! installation is& symmefric¢ about

S | the 1nterferometer mirror axes.
- image of mirror $..| .| If the incident radiation does

not come exactly from one direc-

Figure 4. _Production of the tion, but instead, as is usually
phase diffgrence.{ the case, from a cone, the axis

6f whichtcoincides with the optical axis of the interferometer,
and which has the aperture angle o, then a concentric brightness
 distribution 1s produced in the focal plane of the collimator,

which are called the Haidinger rings.

If the interferometer is adjusted so that the rays parallel
to the axis (o = 0) 1nterfen%1n a constructive way, then the
flux through the c¢entral circular disc of the interference

pattern is a maximum, i.e.,
©1.+ cos 2K, = 2 /
or

Corex
oL [a]
L@

onm .

i

n
‘5

’ . .n";lo,'l,.'-.-
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The position of the flux minima in the image plane is /20
found from the condition

e
i

1‘|‘ ClOS (277'6;}20 . coso(m): ;___, 0 . l

or

h 2TEX - = T .

P 1?’1\0 co_s_@.m (2m + 1)7 . 1

g _o2m + 1 sy . o :
_th-F?§Q}n"‘“§;““ *Ew;ﬁh{ m = 0.1{.,. n_.li\

In a similar way, we obtain thé‘positions of the maxima from:
‘ 1 + cos (27 x - cﬁécx H)" = 2 }
S R o T m . :

or

‘ 1 2‘77'6.::0‘ + cos& ='j2.‘_."‘7?"
. 1 P
Pocos,, = bR L =0,1,e004n;

; M T

Figure 5a shows a cross sectlon through the ring structure
of the interference pattern for:kﬁ%fﬁ;ﬂ , that is, for =
constructive interférences. Filgure -b shows the same thing

for destructive interference infthe center.

If the aperture angle of the cone of the incident radiation /21
is small, i.e., :

L, & Frad

then the sclid angle énclosed‘by the cone can approximately be
written as:

Q 7l |

5

If the incoming radiation is also quasi-monochromatic and if
it has the flux nﬁe)def s then We obtain the following modulated -
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;} e T . -;, ‘ . ‘ o . . ‘a
\radiation flux | .- . - T g B0

Figure 5, Angular distribution of the Haidinger rings in
the interference flgure of the Michelson interferometer,

radiation flux arriving in the image plane of the system:
L aF = B@)de (1 + cos20@ x)d®

where

x = Xt COSK ™ X - (1 '.'“'/2) X (1 -0/27), f\

If we substitute this in dF and integrate over , we find the
following [5]: '
A\{\_F(xo);,-: .‘B (d)_dé'[i + 51nc[%{,—”-£}] cas[{%“s’xo(f - .Q/QF)_Z/ ! (2.17).

1
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“'A discussion of this expréssion shows that ‘the divergence
of the incident radiation in the Michelson interferometer

produces two effects:

1)  The factor sinc(2%0Q)|means that the contrast in the

interferogram is reduced and completely vanishes in the first
zero of sinc. This occurs if the argument of .sinc becomes 1,

l.e., for ' '
G’XQ 27 ———> oco =V2/«s—% ' \ -(,2.18)_.

The divergence of the incident radiation must, therefore, be
smaller than 2ay at the interferomete?%or the detector can only
see a pakt of the interference pattera—in the image plane. (Ih
this case, part of the incidentipower is lost:) For = = 500cmf1J
ﬁ( 2 A, :\ﬂop) and‘x = °Ocml we have o«- 0, 014rad =0 81/ and the

,ray élvergence at the 1nterferometer 1s then equal to 22%.- 1, G

ii) In the argument of co%,.there is a factor which is
equivalent‘to a phase displacem%nt.. The phase is reduced by the
factor ffk"£3/2ﬁﬂ.  In this Wa%, either a smaller wave number or
a smaller phase difference than?actually present is simulated: /22

either x, is replaced by,io (1:;51/2ﬂfn or ¢ is replaced by

0
o (1 -2/2m) . |
t
This error can easily be corrected and does not have to
be dlscussed here,
|
The first effect, on the ofher hand, produces an important
relationship between the maximu# resolution and the light yield
[6] for the Fourier spectroscopy This relatlonshlp w1ll be

considered in detail in the follow1ng

l ‘)
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2.3.2. Resolution and light vield

If, 1n the wave number interval dc}the'spedtral intensity
Ic is radiated from the solid angle @ onto the interferometer,

thenitthe radiation power arriving at the detector 1s given by:

. . |
E,rde .| (2.19)

Tc 1s the transmission of the s&stem from the first optical

element to the detector, and the detector propertles are not
considered here. It depends on the ray geometry and, in parti-
cular, on the ray divergence at the interferometer, as well as

on its properties and on the adjusted phase difference. There-—
fore, the transmission is defiined as follows for the wave number
¢ and the phase difference x (1t determines the shading, together
with the ray divergence in the case of the lamella grid, see

- 3.2): : |
‘54("/5’) <

B Sty

(2.20)

where FM is the flux reaching the detector when the interferometer
is adjusted to constructive interference. Fe i1s the radiation

flux at the inlet aperture of the telescope. This definition

only makes sense when Fe comes from one«cline which is quasi-

monochromatic'With/respect to the instrument, ifé., its width
must be smaller than the resoluFion of the infterferometer.

S~
ho

Eo is the solid angle rangé of the system, determined by

1

SRl o= AD
& 7 AJQi :



Ai'ﬂéféﬂié the ray cross section for an optical element or
in an image plane of the systed. Qi is the solid angle under

which this element is illuminated. ..

Tc depends on the wave nuﬁber, whereas E0 1s defined for

large sources by the field of ﬁiew of the total instrument
(telescope and detector). Forjsmaller sources, it is determined
by the sourceiéiameter. It is;only when the iﬁage of the source
becomes smaller than the refraction disc that E0 also becomes

wave number dependent. The 1light yield of the system is defined
as:

| -150?8. . . :
e =@ S | 2.2

Since E determines the ray divergence at the dispersion édement

and, therefore; the resolution through 2, we find. a relationship

between the light yield and thé resolution from this relationship.
|

In Section 2.2, we showed§that the resolution of the

interferometer 1s given as folﬂows for parallel inecident light:
. $e = 0,681/X

where X is the maximum phase difference. Therefore, §o could

be made theoretically as small %s possible, if X, or in the
final analysis, the displacemeﬁt of the movable interferometer
mirror, was made large enough;!'Now Relationship (2.17) shows
that for finite ray divergence Ft the interfercmeter, the
modulatlon of the radiation flux becomes smaller with lncreasing

x when the phase difference chénggéjuntil finally, the detector

~is illuminated with constant power, independent”of;the_mirpor
shift. The contrast vanishes fbr the maximum wave number ¢
|

M
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of the éﬁééﬁfﬁm'exactly then, when the condition

L fey X ]. )
osine 5Oy =0

is met, or

c?H-

NoRny
v 2T MI
Because ofiﬁzglg 72| , we find the following for small angles
R (2.22)
or for the ray divergence:
(2.23)

| .
!

where R,, 1s the maximum resolution of the interferometer [see

M |
|

remark according to (2.17)3. |
?
In the selection of oy, according to (2.23), the maximum

resolution is only achieved Widh an Infinitesimally weak contrast,
" that 1s, not at all in practicé. Therefore, it makes more sense
to use a relaéionship involviné the ray divergéﬁce and the
resolution, which will sti1l11 provide a measurable contrast for

Xy 7 X. Such a relationship ié obtalned if the ray path is

selected so that the phase difﬁerence between the rays with
@ = 0 and those with & = a¢ is & maximum of T for the path
~difference X. Transferred to ﬂhe interference pattern, this
means that it consists only of fhe central circular dise and

the ring structure is not present or is washed out. Therefore,
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we require: Lo
o 2mE (X« X cosa) =9 }

“'“'1':‘11—.coéo%A='1/625%X9 E (
B ' \ . N - v A . -
and, agaln for small angles: !
LT pecosks w RSE/2 = TPaX '

0, 42T 1 | (2.25)

For this selection of ﬂg,‘the modulation of intensity at
the detector gtill amounts to 64%‘0f the modulatlon for phase
difference 0 at the maximum ph@se difference.

|

If we substitute (2.25) in the defining equation (2.21)

for the light yileld, we find:

L :.-. TG,F ' ?A'SW/R}-I or L '-'R.M = -1,51?;'1"; F = CO'r.lSt. (2.26)

The last relationship applies if.T does not depend on the

wave number.‘ilf the resolutioﬁ of the interferometer is
increased, then the ray divergénce at the dispersion element
must be reduced and, for a conétant surface area of the dis-
persion area, the light yield and, therefore, the power arriving
at the detector 1s reduced. Tﬁerefore, we must make a compro-
mise in order to arrive at reagonable values for the resolution

and- -light-yield. |
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For the infrared experimeht, we have Ry = 10" and, there-
fore, we find the following for the maximum ray divergence:
;/ ’ 1/5 = 0,094m9/_=’1“ 47

/, . _ o _

This value does not represent d restriction for the experiment,

acecordling to the present stateiof the art. This ray divergence
is not even completely exploitéd for extended sources (see 4).

Iin prin01p1e, this represents an important advantage of

ilnterferometry over normal spectroscopy Conventlonal dlsper81on

elements are 1lluminated by an inlet sllt ‘and they ‘then illumi-=
nate the detector::through an cutlet.slit. If both slits are
assumed to be equally large, of length I and width b, then we
have the following relationship for the solid angle under which
the radiation falls on the grid'

Q =~ wit |

where £ 1is the focal length ofjthe collimator. A conventional
spectrometer having the dleperﬁlon (d6/do} and resolution R has
I
a slit width of': ‘
Y e/da)a’/R \
e v
The instrument is operated in the range where [5, 7]
2 (d 8/d2) @1.0;/

U o

™~
o
(@)

Therefore, we find:

|

O =R |

N
and, typically, we have 1/f = 1.50. If we compare thils with
_the solid angle for the Michelspn interferometer (2.25), then

we obtaln

R Q/Q | ~ faf?"’"\j’a '(é/‘,q;, =07 (e

g



For the same dimensions of theQdispersion element, Fourier
Spectroscopy provides approximately 30 times as much light
vleld than conventional spectroscopy.

This "solid angle range advantage" was first investigated
in 1954 by P. Jacquinot [8] and can be used .if the radiation
Sources have sufficient width,-?ThEFefore; they will not be
important for .astronomical purposes. [In an indirect way, 1t
is advantageous becausé*since tﬁe solid angle range is constant,
the siZe of the dispergion element can be reduced. (see 3.4))1
On the other hand, the so-called multiplex gain can be very well
exploited 1in thesé measurements. Whether it contributes to an
improvement in the signal-noise ratio in the calculated spectrum
depends on the type of dominating noise source. In the following,
we will investigate the influenpe of this noise on the calculated
spectrum.

2.4. B8ignal-Neise Ratio

i

{

In addition to the spedtra; resolution, the signal-noise
ratio in the measured spectrum bepréseﬂts oﬁe‘factor which
determines the usability of meaéurements. The resolution was
a c¢lear concept and could be an?lyzed méthematically in a
simple way. The signal-noise‘rétio is determined by many
components which are sometimes not completely known The results
of the follow1ng sectlons, therefore apply only.fer certaln
cases and cannot he transferredlto_general eonditions.

2.4.1, Basic fundamentals on sighal-neise ratio if757 \
; ——
The varlous noise sources flrst have a direct effect on the
measured values and, therefore,jon the interferogram peints. Tor .
the interpretation of the spectfum, we are interested in the
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Fourier transform of these meaSufement errors, “Thefefore, we
will first conslder the relatidnship between the noise and the
Fourier transformation.

- Not enough. is known about frequency-dependent nolse sources
in order to make valid statemerits. Tor white noise, which is
not correlated with the signal, we can determine the transforma-
tion behavior as follows [7]. [First, we consider the measure-
ment of a conéfant physical variable. Its Vaiué can be deter-
mined by measuring the variable N times (N » 1) where each time
integration over the measurement time T is carried out. T is
the elementary measurement time. The measured values are then
vy S

given by a collection 8 The average value is defined

1’ N°

as the measured pcint, as follows:

‘ N o \

<87 = §%55; - (2.28)
- |

The quadratic deviation of these values is:

l

ant el X, <)t <6 -<s>) L | (2.29)

The square root of this expression is the sftandard deviation:

L

Lass Ylsp - 07D L

(2.30)

AS is a measure for the accufac? with which S was measured.
|
The signal-noise ratio for a measurement series is defined

as: i

R R X

Now a new group of N/m values G, is produced'from the mesasured

e

values Si:
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In order to be able to apply statistical methods, we specify

that N/m >» 1. The average value for this group is given by:

<G> _7—20 ——Zs = “-1.<S>J

and the quadratlc deviation is:

.4@) ‘ z(@ - <or)? Bl 5 <5202

-g_.-_..--.'..-=f;(s¢-—<,sf>:)'?=e§ (5 =)y <—<>)

(AG‘)Z ;(5-§{5>)3._.+' o o ,@'

‘ .f. R o *CS,;,,,;.,*.... *..5,,, —m*f-s'?)jg .

For sufficiently large N and wﬁite noise, we find 4 = 0,* and

tlten we have: *

r.i(_A:s)z,
;/_' As y
s/n)h/ . Vrﬂ (s/n)

il

(Aa)®

AG

T u

(2.32)

¥ = 0 means that the nolse components are statistically
independent, that is the case for a white noise spectrum [7].
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Thé‘signal—noise ratio isjimproved by summétion of the
measured values. This summation corresponds to an extension

in the elementary measurement time T by the factor m.

This caleculation is wvalid only if the noise components are
statistically independent, i.eJ, if g vanishes and there must be

a sufficient number of wvalues Gi' Nevertheless, we can extrapo-

late to m = N.in order to estimate the measurement accuracy, even
though the usual definitions of noise and standard deviation are
no longer valid. (The exact formulation is made possible by

using statistical ensembles.) We then obtain:

<s>1=N<S> ¢ and: .(45)\1".;.-ﬁ’.':m"s‘)w'

where we find

- _(sy_n') f %\" (s/n)., (2.33)

Now we again consider the N origlnal measuremegnt points. They
are subjJected fto Fourier transformatlon accordlng to the follow-

ing eqguaticn, just 1like the 1nterferogram points:

"m Zx xp (2177 25 ) mym o= 0,1,....,N 21
This then produces
. S’m‘_". _‘nZSn'e_xP,,(Ale'N” ) I
] S o ‘
!
or !
| | |
;“f.fgo = Zes = N -<s>, s 2 0 for’_'m';é 0 (2.34)
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8, for m # 0 almost vanishes, because a constant signal has been
transformed. The values are, ih general , determined by the
noise, If there is no noise, they are exactly Zero. The quad-
ratic dev1at10n of these values from zero is given by:
'(AS)"' <3::"’*> (2_55;,, exﬁ/gf‘z;-a‘(ﬂ-b’)j>

ﬂ
1
L]
}
1

<2'..55,,,.‘, cﬂ'k;o(f.?/?‘:: Mf> <Z /V<—5' mw> *?-"7'9{@/4 W/>

ot e e

<(A.s~)= /v ,> = ‘A/ (AS)

Its standard deviation is:
. AF = AN As | (2.35)

This means that the Fourier transformation changes the s/n ratio
. Just 1like the summation of all heasured values. Equatilon (2.34)
shows that this summation does %ndeed occur, even though there
is a phase displacement in general, which 1is produced by the
complex exponential function. This‘displacement leads to a
filtering at the "correct” freq&ency of the components of the

measured values. They are "corrected" at a certain Sm, as can

be seen above for m = 0.
}
Here again B must vanish 1n order for (2. 35) to be correct./30
We have the follow1ng for the s/n ratio:

A l,._é;_
AR
, ?
The physical reason for thé improvement of the s/n ratio
can be most 'simply recognized using the example of Fourier
1
spectroscopy: a measured pointiof the interferogram is obtained
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during the elementary measurement time T. It contains information
on all gspectral elements of th§ spectrogram. The integration

time per spectral element, :therefore, effectively amounts to NT
seconds and this time is decisive for the s/n ratio in the

spectrum.

2.4.2. Multiplex advantage

b

Up to the present, we detérmined that the s/n ratio is
improved by a factor of ¢¥N if the integration time for one
point of the spectrum is extended from 1 to Nt. Therefore, it
is proportional to the sguare root of the total measurement

|

time:

Now let us assume that the specfrum is recorded with various
methods [57: using the sequéntiai'methad, where the spectral
elements are interrogated in a time sequence, as well as using.
the simultaneous method, i.e., by simultaneous recording of all
spectral elements. The first method is used in conventional
spectroscopy when a detector in%errogates the spectrum. The
second method is done using Foufier spectroscopy. (It would

also be thinkable to have an‘arfangement which uses a narrow

band filter on a detector for eéch spectral element, which

would be a multichannel analyzef.‘ The method becomes impractical

even for small resolutilon.) |
i
|

If the same integration tiﬁe per spectral element is selected
for both methods, that is,|the same s/n ratio in the spectrum (for
the same light yield}, thén the;measurement time fof the '
sequential method is N times as’ large as the time using the _
éiﬁultaﬁeous method, when N speétral elements are to be measured.;/Bl_

On the other hand, if we assume equal total measurement time,
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-théﬁﬂéﬂé-gimﬁitaneous measuremeht will produce a's/n ratio which
1s better than that of the sequential method by a factor of /N.
This gain is called the multiplex advantage "It was discussed
in 1951 by Fellgett [9]. ’ Coomem o

In fact, the gain is reduced by the factor v2, because the
flux from the spectral element occurs only during one-half of
the measurement time in full force at the detector, because of
the modulatlon caused by the change in the phase difference.

On the other hand, 1t should be noted that the advantage over
conventional spectrometers, because of the solid:angle range
advantage, can be substantially larger. (The solid angle range
advantage cannot be expilolited tpere because of the small source

dimensions in our experiment.)

If we are to investigate an unknown spectrum, then the
Pourier spectroscopy should be;ﬁféfkrred.over the scan method,
using conventional technology, because of the multiplex and
solid angle range advantages. ﬁowever, if we want to determine
the flux from a few lines With*gnown wavelengths or il we want
to investigate a few spectral elements, then the conventional
method 1s more advantageous because.it produces results with
less complexity than the Fourief spectroscopy and because the
multiplex gain can be ignored.

Tippableuﬁabry—Perot filters are especialiy‘well suited
for such measurements, in Whichfthe mirreor distance is fixed.
By rotating the filters in the fay path, the wavelength which
is passed through is varied, so'that a spectral range of about
1 ¥ can be covered.¥* Since the;filter operates as an
_*The free spectral range 1s given by uydi'*—zi~/ £303.

d: distance of reflected surfaces, n: index of refrdction of
material between themn. _




interferometer with fixed phasé difference, the solid angle
range advantage is maintained énd can be exploited, by reducing
the diameter of the filter, which increases the ray divergence
[12,| 10]. Therefore, these filters are to be looked upon as
accessory.instruments. '3
|
In genefal we may state ﬁhat the multiplex method should

exeeeds the order of magnltude ‘one.

2.4.3.  General expression . for the signal/noeise ratio

The s/n ratio for an arbiltrary element of the calculated
spectrum can be written as follows for the considered case of

white noise not correlated with the signal:

e ((Saal ) as e
Vs Y =t R T : 2)AD-Lopt (842 L . :
k _

Here we have S — source CSQI and perturbation signal Csst),

respectively, [W]; NP — noise power [Wi; 1{o)} — radiation
density for the wave number [W/em ' em? sr]; L — light yield
of the instrument [em? sr] (L was assumed to ‘be independent of

g for simplicity here); Ac — width of considered spectral
element [em *]; 1(8)+A8XL —*-pbwer absorbed by detector [W];
n — effectiveness of measuremeht (integration time per inter-

fercgram divided by measurement durationl because two interfero-
grams are recofded during the measurementy t -— duration of the
measurement [s]; NEP H—-normaliged noise power (noilse equivalent
power); deflined as the signal for which s/n = 1l-when the -
integration is 1 sec and the am?lifier bandwidth is 1 Hz

ho

\\
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(W/VEz]; (NP = NEP - vAT); Af — bandwidth of amplifier [Hz].

The 1 s in the square root of (2. 37) 1s caused by the
definition of NEP.

2.4.4, Detector and‘bhdtonﬁnoise'

As long ag the detector. operates linearly, the detector
noise is independent from the abgorbed radiation power and 1s,
therefore, not modulated ftogether with the radiation flux. 1In
addition, by directional modulation of the radiation flux and by
suitably operating the interferometer, it is possible to record /33
only white noise at the detector., (By suitable selection of the
modulation frequency, for example,-it is possible to Suppress
the flicker noise.) Then it :will have the same behavior with
respect to the Fourler transformation as the noise considered in
Section 2.Y4.1, and therefore (2:37) can be applied.

!

The normalized noise power(cannot be directly calculated
and 1t will be investigated more thoroughly when we select the
detector (see 4.3). i

The photon noise, on thevother hand, can be determined
relatively simply. The number of photons emitted by a thermally
excited source per frequency interval and solld angle 1s given
by:

ﬁif‘;' 7'.3%23 :7“ Photons
ff_-‘.r’;'é'- e C c2 /w/xfr [ z_rsrﬂ

where e(v) is the emissivity.and T.1is the temperaturé'of the
source. From this relationship% it is possible to determine
fér éh§‘ffeQuency of the photoné the'averagé square of the
fluctuations 1n the phcton numbér using the Boge statistices.
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Fféﬁ”éﬁisf“iﬁmis possible to determine it for the flux as well.
The nermalized noise power is Ehen determined by the power of
the fluctuating flux from all frequen01es and equals [11]:

- ()_ ‘o /51:,4?7’ 4/?
_4¢9%we = f%/;yf ‘iééi;f )2 {yz (2. 381

Since the source is thermally excited, we have }0S &S q . In

general, the emlssiV1ty W1l not be known and, therefore, e{v)

is replaced by the average value €.  In this case the integral

can be evagluated:

ép/ﬁi» 7

e 4,

i}::-_._ (éf) / Ca xﬂ?' Q/X ‘E g(ﬁ)

and, therefore, we have:

M- /?%lf-_é-%d”/?

. .
'

(2.39)

|
J.

WEF-V T /M 7{956 W-H% 3 intaos’f W/ (2.40)

where b = (ef/’f) r? W/Cm sv/ is the flux density of a black body
at temperature T and G is the StefanuBoltzmann constant.

The photon noise per spectral element is proportional to
the square root of the radiation power in thils element and is,
therefore, correlated with thefsignal. In the frequency range
of interest, it can bhe assumed{to be white. Therefore, not all
the requirements for the validity of (2.38) are satisfied.
Nevertheless, this relationshiﬁ'applies for astrondmical
measurements, as will now be disoussed:

b
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T If fhé'sﬁectrum to be meaéured consists of a single line
which is narrower than the resolution which can be achieved,
then the interferogram points have a noise superimposed on them.
Its amplitude is proportional to the square root of the amplitude
of the ideal interferogram poiﬁts.' In particular, the noige
vanishes when the flux vanlishes in the case of destructive
interference. In the calculated spectrum, the nolse 1s concen-

trated in the spectral element of the line.

In the IR experiment, conditlons are different because the
spectrum of the rays arriving at the detector contains the
lines of the source and of the atmosbhere, as well as the con-
tinuum radiation of the dust surrounding the gsource as well as
the radiation of the telescope optics. Therefore, the interfero-~
gram will no longer have any poﬁnts for which the radiation flux
vanishes at the detector. Therefore, the correlation between the
signal and the noise will bbcome much smaller or will completely
vanish. In addition, the photon noise is determined by the
radiation from the atmosphere and from the telescope optiles and
not by the interstellar source,éwhich again reduces the correla-
tion with the signal. Therefor%, the nolse 1s distributed over
the entire calculated spectrum %hen the Fourier transformation
is carried out.

Therefore, the conditions for using (2.38) are satisfied

in the case of\astronomical mea?urements.“ It follows from this

}\
o)
o

that, in contrast to the opinioh of many authors, the multiplex
advantage also 1s maintained when the photon noise is the
dominating noise source. Howevér, this only applies for the
signal/noise ratio of those spe#tral elements which contain

a line. When we average over the recorded spectral range, the
multiplex advantage does not appear [12], which has no meaning
for the evaluationnof the data.; Therefore. in the case where
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théuﬁﬁoidh noise dominates, we have the followiﬂg relationship

for the s/n ratio in a spectral element:
L]

Vo e @Al S E i be ST
VoS = — A LA L7
VoLt zgar TEA L rsser L ane [(2.41)

. O

The s/n ratio is given by the following for dominating defector

Ll ee L  5(3j1ﬂ3fz R

noise:¥*:

(2.42)

These two relationships apply for the signal-nolse ratlo when
the width of the spectral element is fixed, that is, after the
measurement is over. In order to perform a functional check of
the instrument, it 1s important to calculate a spectrum during
the measurement, even though it will have a  reduced resolution.
Therefore, we are interested-in%the time variation of the s/n
ratio when there is time-dependent resolution. This can be
calculated if we consider that %be width of a spectral element
is given by:

oo .
Ae=1/2x = 1wy ) (2.43)
where v is the velocity with whﬁch.the movable interferometer
part is displaced. If this relétionship for Ao 1s substituted

in (2.41/42), then we obtailn thé following for the s/n ratio

per resolved spectral element: |

ey e S Ly T (2.44)
R f"éo/ K {V.W . LN VAT '

‘;Ejs/ﬁj’ =~ (@) ,7V/—T-—f*7
e v, DAL

U ; : - L (2.45)

1

¥P, P. Parshin [22] arrives at the same result.

'
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The s/n ratio, therefore, decreases in the spectral
elements. This behavior 1s un@erstandable because, for an

element with fixed width, 1t wlll only increase in proportion
to vt, whereas hére the width is decreasing with I/t, which
together results in a decrease according to 1/v%.

The last two relationshipa are only correct when the source
radiates contlnuously On the bther hand, if it only emits line
radiation, then the time varlatlon of the s/n fatio 1ls more
complex, If a certain spectral,element contains exactly one
line, for example, and if this element is continuously being
divided firther, then s/n = 0 holds in the elements which do not
contain the line. In those elements which contain the line,
the relationship (2.41) applies, where Ao is the line width. It
18 only when the line width becomes greater than the resolution,
'that is, when the line consists of several spectral elements,
that the s/n ratio again decreaees.

The amplification bandwidtﬁ Af is one unknown in the

relationships glven above, LetE T3 be the time which 1s required

for determining & point of the source interferogram It can be
shown that, independent of the measurement technique used, the
following relationship is valid: iAf-R*iﬁr[ . If the interfero-
gram consists of N points, then we also have £t = Nri. A spectrum

is then calculated after a time‘t' from the interferogram points
previously measured. It will then conglst of N' = ¢* « N/t
points. If this relatlonshlp is substituted in (2.41/42) or

(2.44/45), and if we also assume AT = l/Ti, then we find:
:

e .
(s/n)Phot //5‘_’5_»‘? . '_25 7

[

(2.41a)

i
!
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LK )
(s/anhot = 47‘73%? T f (2.44a)

_ (B/H)Det; : : 4V M?P }"" : (2.45a)

.-_ /;_

The last two expressions again give the s8/n ratio per 41_
resolved spectral element. This somewhat unusual point of view
makes sense for the IR experiment, because the spectrum is to be
caleculated during the measurement using the already avallable
interferogram points, in order to obtain a check on the functlion-
ing of the instrument. Eguations (2.44a/45a) show that the s/n
ratio in the spectrum is 1ndependent of thée number of transformed
interferogram points and of the measurement time, Therefore,
already shortly after the measufgmentl-we can decide whether the
spectrum of the interstellar socurce emerges enough from the
background so that it makes senée to continue the measurement,

When we derived the 1ast‘tWo.Pelationships, we assumed a
continuum source, which is satiéfied Tfor interstellar sources
because usually they are surrounded with dust which produces a
continuous spéﬁtrum. After a measurement time of about 1 second
(about 10 interferogram points are determined in this time),
therefore, first the dust conceﬁtration will be seen first.

As the resclution increases, it$ structure becomes visible and
finally, the lines of the interétellar.gas cloud will emerge.
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Iﬁ éddiﬁion, we should.menfion.the fact that the last two
eXpressions appear to be indepehdent of the elementary measure—
ment time, which would mean that useful results woulld be obtained
even for infinitesimally small integration times. Of course, this
18 not the case, because the width of the speetral element 1is
proporticnal to 1/t', according to (2.43). Therefore, very wide
spectral elements are required for very small integration times,
1f (2.44a/45a), is to apply. The limit of validity is reached
when the width of the spectral ?lemEnt equals that of the
spectrum to be recorded. -In this experiment, for Ag.&1580 icm !
and v = 5 - 10 ° cm/sééﬁ this would be the case for-t' = 1/(ldv-Ag) =
0.1 sec.

2.4.5. Effects of instrumentation errers on the s/d. /38
ratio ‘
Two instrumentation errors,will have a detrimental effect
on the noise in the calculated épectrum.r-The first one is based
on the inexact adjustment of the phase difference in the inter-
ferometer and the second one isiconcerned with the fact that the

telescope does not have constant alignment in time.

The calculation.of the spegtrum from the interferogram
implies the assumption that the;change in the phasgse difference
of the interfering rays from ong-interferogram point to the other
is exactly equél. The change iﬁ the phase difference is produced
by displacement of ‘the interferémeter.mirror, which will be
constant only within certain to;erances which are known. If the
displacement 1s produced by a micrometer spindle, then periodiec
errors will also occur in generél.
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Figure 6. Time variation of phase difference for periodic
errors in the interferometer advance,

First, we will investligate the influence of such perlodic
errors on the calculated spectrum. I{ 1s assumed that the spec-
trum consists of a delta line at the wave number oy, which pro-
duces the flux By at the detector. If v is the advancing
veloclty of the interferometer mirror, then the phase difference
at time £ is given by:

Cx io2vtea - sin ;afn"fi;_,_\

where a is the amplitude and f is the frequency of the error. /39

The ideal phase difference is:
X ‘=f2Vf‘; .W
e . o '

If this relationship 1s solved feor t and substituted above,
then we find:

--; . :- P -f-)'-
X=X+ a 5_“?(2'”?3‘9/'."')-_. ., l
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The flux from the spectrum is: |

;‘B‘(_;;") = BO-‘S(_G;%-&) ;]
and we have the following for the interferogram:

| FGx) = By cos 26l (x, + a-sin@Ex /v) (2.47)-

The expansion of this expressioh,naccording to Bessel functions

and the expansion of them with respect to E?Lai, results in the

following in the first approximétion [773:
JFC@)?éiiéﬁgaﬁgx;+'%c#aﬁvszw%é%—5%V)qu£7maG@%éﬁwﬂé{}

T
The reverse transformatlon then results in:

/@i>= Q'YF@Q)cnSE.JAQOQ‘=j—'

e Zr(aﬂ%)x =g Py .
8 Z{ TRy | Ejléﬁ[baLQﬂ%(G’ & F ,/bn3 ‘
#Cosébma@a+é’—%7bc)+a::£%$eﬁéﬂé%WC@y)*a”?%)GC?-éé*€ZWQZ/

!

1

uﬁ’(g)n .><’£ /wcfg(e-& )x]f _mc:[.:;x(a 2 +//2y)] o (2.48)

c : l ; L psene [PX(P- s - ;’/QV).Z/
Here, we have ignored the terms:which contain o'+ o, because
thelr greatest values occur for:negative wave numbers and they
hardly influence the values with o > 0.

|

Equation (2 48) shows thatﬁthe calculated spectrum contains
twe satellite lines at the wavelengths 33: f/2v\ in addition to
the real lines. Their amplitude relative to the central line

is ﬁg-a/4w
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-'if:ﬁhé-égep of the spindlé used for the interferometer drive
ﬁggals Az = 1 mm, then the main contribution of the periodic
error has the loecal period of i mm and we find:

£ = v'/A z., 5‘37_ = 1/2.&7_. = 5cm-1.

The satellite lines occur at a separation of 5 em ' from the

central line. The approximation just considered is only correct /80
for 'sa <« 1/ . . In the experiment,; the maximum wave number will

be about 500 cm™! and for e} a<1077/, we find: as 0,2y . If a

1s substantially larger, ﬁhen the same analysls can be ecarried

out bﬁiAin the expansion (2.47), it is necessary to consider

terms of hilgher order.

In addition to this purely perdiodic error, statistical
errors will also occur. Thelr distribution can be represented
as a sum of perlodic deviations and, in the limiting case, as
an 1Integral over them. This méﬁns that the two satellite lines
are smeared to form sidebands. ' A new noise component is
produced. The calculated spectrum shows the same behavior with
respect to periodile fluctuationb in the telescope alignment, as

did the phase difference with respect to periodic errors.

The errcor 1s produced becapse the Fourier transformation
of the interferogram points assures|that there is a constant flux
from the source. If the alignm%nﬁwof'the telescope is not
stable over the entire measurement duration, tﬁeh the lux will
vary with time, because the parf of the source inside the field
of view of the detector will chénge in time. The change in the
flux with aligmment depends greatly on the source size and its
relationship with respect to thé field of view diameter. It is
the smallest for point sources,ias long as the source remains
within ‘the field of view and 1s relatively small for sources
which are much larger than the field of view (as long as there
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afe—héﬂéfréngﬂspace gradients 15 intensity). For sources which
are approximately as large as the fileld of view, or when the
refraction image fills out the detector surface (which will occur
in the vicinity of A = 200 uj]iﬁ becomes critical. Then the
percentage change in the flux 1s approximately determined by the
ratio of the alignment error and field of view diameter.

The attitude control of the telescope is designed so that
the optical axis of the instrument moves within a eirele around /U1
the nominal value, the circle éf "limit eyeles."™ If small
perturbation moments affect the?system,*then the eoptical axis
will slowly migrate through the limit cyele and finally come to
rest. If the perturbation moments are large, on the other hand,
then the axis will be affected by them and will come to rest at
the edge of the limit cycle, where it will reverse 1its direction
of motion. The velocity of this motion depends on the time
constant of the control loop, a%'wéll as on the perturbing
moments. No quantitative inforhation is yet available on these
relationships and the magnitudegof'the perturbation moments which
can be expected. - i
i

For pericdic orientation fluctuations of the telescope, it
ig possible to estimate the inf;uence of the {lux fluctuations:
on the spectrum. For this, we ?gain conslder a source spectrum
which only consists of a delta function. The relative amplitude
of the flux fluctuation at the detector 1s assumed to be e/2 and

is asgsumed to occcur at the frequency'fr.' Then the flux is

approximately given by the following (source diameter = fileld
of view:diameter):

f’r(G"’ —‘Bo S(e flo’yj' {1 - 3/2 {. 1 + c‘fok‘lc.:'(fl'ff‘ f‘.rt +¥ ))f _l"..' K -

e T J
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where o 1is the initial phase. . If it is set equal to zero and

t is replaced by x/2v, we obtain the following for the inter-
ferogram (in the case where the sen81tive surface of the
detector is homogeneous w1th reSpect to its detectlon behav1or)'

L (x)~ B - {1 -&/2 - (e/f») cos (27 x/"'v IR coq("”ﬂ'&i’,‘c)

The product of the two 0051ne functions 1is written as a
sum and then the reverse transformatlon is earried out Just like
(2.48). Then we obtain:

{B (s’) (1 -5/,,) sine[2(s’ - 2)x] | oo eaw
h | | S (5/4) snxc[(s’ g,,- i‘ /"V)X] + <:1nc[2(c? a’,-l- f / V)X_]j l
‘Agaln, satellite lines are produced at‘fje% /gvj . The

frequency-fr should 1ie between 0.1 and 0,01 Hz. ~If we then
b

- |
set v = 5+ 107% em/sec, then we £find the following for the
distance Gr between the satelliﬁe lines and the central line:

i

;;”5} = fr/?_v_- = 10em to 100(:::1 .
v ‘—’, - '

Such large separations.canévery much faclilitate the iﬂg_
differentiation between true 1iﬁes,and ghost lines, if the
telescope really would carry ou# motions with accurately defined
frequency. However, we do not éxpect this. It 1s more likely
that there is a frequency distr#bution which leads to a smearing
of both satellite lines into sidebands. These can then be
interpreted as noise, but they ére different from the photon
and- detector-ncise, because they can be eliminated if the time

variation of the alignment erro#s of the telescope is known.
|

+
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"If we assume that the relative amplitudefr(fr)/of the
alignment error is constant within the frequeﬁcy interval
(f - AL/2, f‘4-Af/2)Pnd 1f 1t is assumed that it is equal to
Ag% and if we assume that it is zero outside of this interval,
then the amplitude of these sldebands can be estimated by
integrating (2.49) over the frequency £,

o | | N
’(e) = -XB. —3‘—1 s ([wc[z)x(e—e _//3,)/ ,_5,,,:/,‘9)(@ - *'4'4».).7] . /L2 .50)
i A’E,/Q . L o ul

m— v.an:;_q

The value of this expression is then calculated for the
center of one sideband while ignoring the contributions of the
other sidebands, for example, for & = o +4/5v ;|

S o e A e

&,@,m/gy)m_xg 'jf j"f e X "%'?E'%'f"f'- __.zf o

In the experiment, we will'have X ~ 20 em, v 5 5 - 1077
cm/sec and Af x 0.1 Hz. Thus, we find, for the upper integration
limit, w = Af - 7 - X/2v ¥ 200 w. Therefore, we can set w = «
and we find: ; '

Bl k) =B (2.51)

At the pfésent time, we cannot say much abdﬁt the quantity

b

i

;n?} As an upper limit, we can use the ratio of the 1limit cyecle

radius and field of wisw diametér,'which will be in the area of
0.5. (This quantity determineséthe amplitude of the satellite
line if the orientation fluctuaﬁion occcurs with a fixed freguency.)
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2.4.6. Digitalizdation noise - [/”3

There is one last nolse Cthonént‘whichfinf}uences the
signal-noise ratio in the ‘spectrum, which is the digitalization
noise [5]. It occurs when the measurement data, -which are
initially analog (voltages), are converted into digital values
which are then suitable for fur%her processing in computers.

The reason for, this is that thefanalog—digitalfoonverter assigns
all analog values from the inte}val (v, - AV, VQ_+.AVL to the

digital wvalue VO. The amplitude of the error produced in this
way is AV = nDig'

Now let us assume that the source spectrum con51sts of

N' lines, which producedan average raduatlo@ﬁf%pgﬁB. The
interferogram produces the maximuam valaé—ﬁ:--fB fﬁf the phase
difference x = 0 and a detector; with the sensitivity S produces
the signal N' - B - 3. Now, the amplification faetor G of the
amplifier connected behind the bolometer is adjusted so that .
the maximum permissible signal kuis supplied torthethahalog-
digital converter:

' 'K = N%B-8 ?t/ .-- \
In the calculated spectrum, the:speCtral lines then have an
average height of:

S:. “Bs &,

| ,
The nolse in the digitalized Interferogram is
!

(2.52)

L ‘ N . N
‘:‘)n]: _= Gon + nDl

ra
§

where n is determined by the dominating noise source of the
measured values, which have notybeen digitalized. If the noise

extends fromo = 0 to o = 0o

M ih the spectrum, and if 1t is not
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correlated with the signal, then we have the following for the
noise in the spectrum, as discussed in 2.4,1:

)n —-n'V—'

where N is the number of 1nterferogram points, Therefore, we

i; ' (G n 4 n ) Vﬂ

Mo . / L}

AR,

have:

.‘-* . . V : -
For a few lines of average height, the amplification factor G

can be made large and the noise is determined by G * n = /WN.
On the other hand, if many lines of average height are contained
in the spectrum, then G must be relatively small and nDig can

then become the dominating noise component. The digiltalization

noise therefore becomes important, as soon as

(Y .
G“-n‘\\< -"Dig

or: i

(2.53)

The left side of this inequalitﬁ is the dynamic factor of the
analog-digital converter and the right side is the s/r ratio
for the interferogram polint for%the phase difference zero.

The digitalization noise b%comes lmportant as soon as the
dynamie factor.of the analog—diéital converter becomes samaller
4han the s/n ratio for the cent%al maximum of the interferogram.

If the digitalization noise dominates, then the s/n ratio
|
in the spectrum cannot be improved by extending the measurement

time. 7
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3. Comparisen of Lanmella Grids and-Michelson TInterferometer /45

3.1. Division of the Wave Front in the Interferometer

The basice principle of all interferometers used for Foutier
spectroscopy Eénsistﬂin the production of the phase difference
between two coherent ray bundles. The interferometers of this
type can be classified according to the way which they produce
these bundles from the inecident waves. There are those which
use wave front division and those which use amplitude division.

The simplest example of the last group is the Michelson
interferometer. There are others, some of which are quite
complicated instruments, which-also operate with amplitude
‘division and which all include bne element, the ray divider.

It divides the incoming wave into two divergent ray bundles.
Their amplitudes are distribute@ to the twe new waves, while
maintaining the total energy of the radiation. One of the two
waves then obtaing a definite pﬁase difference, compared with
the other (it is twilce as 1argefas the mirror displacement in
the interferometer) and both ar§ again reflected at the ray
divider, which provides for their superposition, Therefore,

two divergent“fay bundles are produced and their flux is
determined by.the phase difference prodyced in the interferometer.
Each of the two partial bundlesfprovid%sthe.complete spectral
information. For such an idealjinterferometer, the sum of their
fluxes equals the flux of the ihcoming‘radiation.

56



There are interferometerslin which the spatial separation

of the ray bundles is not done .according to the principle of
amplitude division, but using wave front division: these are

the lamella‘grids; In this inétfument;'fhe fefiedting surfaces
are arranged next.to each other and adjacent mirrors are dis-
placed in the direction of their surface normals. Part of the
incoming wave 1s reflected at a mirror and the part next to it
continues until it is reflécted at the displaced mirrcr. In this
way, it receives a phase difference compared'withfthe contribu-
Tion first reflected. 1In thisfmethdd, the wave front is split = /46
up in space. The big advantage of this is that no ray divider

is needed. If a ray divider is used, the useful spectral range
of the interferometer is limited because of the material constant
and the required high emissivity (about 0.5). Therefore, the
lamella grid is probably better suited for the IR experiments
than the Michelson interferometer. In order to arrive at a
réasonable decision here, we wyllfnow.compare the properties of
both instruments.

3.2. Lamella Grid

As already mentioned, the"lamella,grid consists of two - »
groups of mirror surfaces, arrahged parallel to each other (shown
shaded in Figure 7), which slide into each other. The surfaces
of one group can be displaced with respect to the surfaces of the
other, in the direction of their surface normals. -

The displacement of the movable surfaces produces a change
in the phase difference of the %ays reflected by neighboring iﬂ_
surfaces, These‘rayg‘first'run:next to each other, superimposed
as the distance from the grid i#creases, and then interfere.
Only at a!lérge distance from the grid or in the focal plane

of the collimator is the complete interference pattern produced.
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Figure 7. Sketch of a lamella grid.

Its intensity distribution will now be considered for the
two-dimensional case. It is assumed that parallel rays impinge
on the grid with the inclination o to the mirror normal and that
all rays lie in one plane, which 1s perpendicular to the reflec-

ting lamella surfaces (Figure 8).

We obtain the followlng expression for the phase difference
of a ray reflected at a grid point (x, y) in the direction B
{because of the narrow mirror surface, we can have o # B, because
of refraction effects), compared with the ray reflected in the

same direction at the coordinate origin:

§ = Groim ) — 7 osareas). | (301)
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Figure 8. Production of the phase.differende.

The generalization to the three-dimensional case results in:
R (R-F).

%Z%_is the reflecting grid location, k is the unit vector in the /U
direction of the incident ray, r 1s the corresponding vector for
the reflected ray. The phase difference is given by the following

for both cases:

/Tad = Qﬂ%&{ /

The amplitude of the fleld vector of the incoming radiation is
normalized to one, and then we find the following for the radi-
ation field at a very large distance from the grid or after

focu51ng in the image plane [5]:

1o Fsirefenan] -’”’”’MW) Lreet %‘W*WQW / oo

_Qn(?;w;aj

P et —
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wheres& :%0“‘2ﬂ06’ aznx%can€  . The quantity a 1is the

VLN

gridg constant z i1s the mirror;shift,‘and N 1s the number of
lamella palrsi ) ﬂ

For the,three—dimensional'case we have:

sz (Pa i)

fﬂﬁvgfzjmcﬂgﬂwgfijﬂgpé/(ﬁz&ﬁﬂé&éi)J%faz%9%1Wz¢£bu2%7/43 3)

Here b is the 1ength cf a lamella, F_ is its surface area, and

1
"¢ Ky "frﬁ. Changes occur with respect to (3.2) because of
the various meanings of the *6/. The derivation of (3.3) is

glven in Appendix A.

Compared with the Michelson interferometer, we obtaifvc
relatively complicated formulasjfor the radiation field of the
lamella grid. Therefore, it‘seémsrappropriate to briefly dis-
cuss the intensi@y distribution for the two-dimensional case.

Here we are interested in the ekpression:*

T[fv .:ﬂﬁﬂ?@ﬂ@ﬁ&ﬁ?) (.5&7()&%@A60/)[Q7¢-CQQAQﬁ;y&zu4ﬁz%ﬂq277/

TPt /D e (Gl )

as a function of zi~a and RB. :
i

If we now assume normal incidence, then we have the
following for small angles and ?3 =3 -:d
 §£ ".‘_5};’/70( -—Jwﬁ s —_:zﬂ?;ﬂ-' = {
‘In addition, we use the abbreV1at10n ‘
yeﬂzy’;u-zza:a’=-~j”? _J

|

- ¥It -deseribes the 1nten31ty dlstributlon in the glane of

the grld structure. i
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Théféfbre,.wé“obtain:

|

1~ (%%é? (i;yg)z@+axﬁwgyz f%y) (3.4)

e s e & i e b e e i, R RN S

Figure 9 shows the variation of the three factors in this product

for N = 20 and 2ﬂoq585 = 2n where n = 0, 1, ... (constructive
: _

interference of zero order) The side maxima of the second
term are not shown, because for the selected N, their amplitudes
aﬁ%smaller than 0.05 of the amplitude of the main maxima. In
addition, N side maxima occur between two mailn maxima and they
can therefore contain a considerable part of the radiation flux
(about 9.5% for the selected example).

The first factor in (3.4) describes the refraction at a /50
lamella surface and the second describes the influence of the
interference between the ray bundles which are reflected by the
individual lamellae. The third déscribes the modulation caused

by the interferometer propertie% of the grid.

The refraction term s;n(f&/ )/(gy/g)[ has maxima for g@/q ) d
and gﬂ/zf: 2n +;Uu{f],, where n are whole numbers Its zeros
are located at nysxrﬂi |

The grid term fEiwxji(‘N.QZL)/sih'(jf%bJﬂ has main maxima for _f;:;j°?/'= n?-’if
and vanishes for ‘Ng# = m? |, as long as m/N is not a whole number.

This can be summarized in the following table:

Refraction Grid

T =0 5’3‘ = 207 jne 7, % 0, R 59? = m¥/N ;  n/Ne 7
,;.'_-i;i_‘rr:téiximgl" C jﬁ?‘ =220+ 1) ne N jﬂfﬁ =n® ; neZ .

e,
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-4ﬁrdm'thié we can see thatjall even orders of the spectrun
vanish with the exception of the zero order, because the refrac-
tion term has .zeros at the corresponding rotations. Therefore,
we only have the zero, first, third, etc., order.

The interference term can restrict a number of orders which

occur even more. It is given by:
1 + c'os(_‘.?.lﬁ‘ﬁ’gz-'f?‘)." \

Since

L= 'cogb( + cos@ = 1 + cos 8|
for perpendicular incidence of radiation and since also B can be
assumed to be very small, the first:part of the argument can
first of all be assumed to be constant. Then the variation of
the argumentiwith the angles 1is practically entirely due to fthe
term fjﬁl. Now it is assumed that the grid shift z is adjusted
so that for 8 = 0 (that is,alsc for ¥ = 0), there will be con-
structive interference of zero crder for the wavelength under
consilderation. The flPSt zera of the interference term is then
found for’_y? 1V/ which is exactly the direction of the first
maln maximum of the grid term, ' The other zeros follow, separated
by 2m and they colncide with thé other maxima of unéven order. /51
This means that the grid almost?acts like a mirror of the game
dimensions as a grid 1in the case of constructive interference of
zero order. Only one main maxiﬁum of the grid'term occurs, which
ig exactly as wide as that of the refraction image of a slit
having wldth Na. In contrast tb the mirror, there are also side
maXxima. .

|

¢
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Ir fhe éfid is in a posgition which produces destructive
interference for zero order reflection, then it can easily be
Seen that the second order will vanlsh but all uneven orders
will appear with maximum intensity. This should already be
expected because of the conserqation of radiation flux. Figure
10 shows the cases of intensitj distribution discussed, where
again we have nct shown the side maxima of the grid term.

The radiéfion field behind the lamella grié is not only
determined by the interferometer properties, but also by the grid
properties of the instrument. Of course, this can be félt in /52
the relationship between the useful solid angle and the resolu«
tion and, therefore, is involved in the formula for the light

yleld, which we will now derive.

For this, it is sufficient to consider the interference

term: R ) ]
14 cos (27 (B2 v % a/2)) . )

i

Written out, the secend factor of the argument is:

llcQSA/'?.) +l"'a/2‘(éi¥13:;‘l$iﬁ’3), I

Bz +. ga/2 = z(cos
R

In general, all angles which occur are small., If, in addition,
|
we set ¥ = B - a, then we can write the following for the last

expression [51; :
| “2z-cosx - a/2-sin¥ }

and the variable part of the interference term finally is
given by

Afé:‘ci‘)sr(l?.-?'eﬁ' V(Ei—-‘cos-i_x_‘ - -a.l/2.l-sin¢ )‘)"I- ‘
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Figure 10. Intensity distribution at a large distance from
the grid, according to (3.4) in relative units.

top- constructive interference of zero order; bottom-
destructive interference of zero order.

In order to be able to weli measure the modulation as a
function of the grid shift, neilther of the two sum terms of
the argument should vary by more than m when the ray direction
varies within the angular range filled by the light bundle.
(Equivalentfto thilis, we have the requirement that the detector
should only see rays for which the phase difference is changed
by less than A/2, because of the direction variation.. This .
corresponds to the size of the central spot in the Michelson
interferometer.) This produces the following conditions:



ol T
‘detector

=

Ring system of a Michelson -interferometer for 15 cm phase
difference and ~y==4wm’/  Coordinates: direction of
radiation reflected by dispersion element.

(1) 422 (1 - cosoy) = 2Xe& (1 = cosoy) €1/ ((3.5)
(2) o zaesinger (3.6)

The factor 2 in (3.6) is caused because Y varies from ~¢G to

tV, and the sin varies by 2 sin Y.

66



-

¢ T3

[

b

[

|

4

e

- I~

i T

i ™

N

P i

I :

g

[ P

U ' e 7/ . ——=lgrid structure

3 i : |WJ‘V' .

‘ RN e S SR :

‘ . S 0 . . »
orders
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phase difference and \e-#®ec»"% 1in the approximation. jze»7|
The width of the orders is determined by the ray divergence
at the grid (= 10'), the grid constant (a = 0.5 cm), and the
wave number. In the y direction, the intensity distribution
is modunlated in the orders by the Haldinger rings.

The first conditlon applies when the interferometer proper-
ties of the grid dominate and it results in the following {(just
like for the Michelson interfercmeter:

ENZ I (3.7)

67



A is one-half of the ray divergence at thé_grid} For ¢ = /53

9y = 500 ecm ' and X = 20 cm, we find a, £ 0.01 2 0.57°. The
maximum ray divergence at the grid would, therefore, amount to

more than 1°.

The second condition limits the ray divergence 1f the grid
properties of the instrument dominate. Since the angle ¢G is

again assumed %o be small, we . find that it simﬁiifies to:
2:sinf = 1/ad = 2% (3.8)

0™ 2 6,87 £ 0,11%

which 1s much smaller than the limiting value found from (3.5).

For ¢ = 500 cm © and a = 0.5 cm, we find %= 2-1

In a plane perpendicular to the grid structure, the grid
properties do not play a role and the ray divergence 1s limited
by On (Figure 11). 1In the plane parallel to the grid structure,

the condition (3:8) results in a greater restriction than (3.7)
for a grid shift'which is not tboilarge. The mazimum ray diver-
gence 1is then specified by 2 wGL It is only when On > wG that

the interferometer properties 1limit the ray divergence in this
direction as well. For a = 0.5 cm and o = 500 em ', this case
only occurs when the grid shift is greater than 2.5 m. Therefore,
the maximum ray divergence 1in one direction will practically

always be determined by Og and,ﬁin the other diréction, it will

\
practically always be determined by wG.

If these angles are small,;then the maximum useful solid /54

angle is approximately:

AR R . o
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Figure 11. Definition of maximum permissible ray divergences
at the lamella grid.

If we set Té'gz,z-. 0,6‘8-1/2'_;" and & =y ein/ s, then we find

N e A A , ' "15 A

/.Q'f?}'/@_-aaaﬁsce.,‘ L e Vv / Rr e;",a R e ',{(_3.,9)_

_aﬁd using 'I‘E =L = 4 6 T A/(GJ rar ;/ T %/, we obtaln tbe {‘o}lowing] J.n] .
analogy to (2.26):

LRy = 46T AR Sard) | (3.10)

In general, the incoming radiation is limited by'a circular cone
surface and not by the surface of an elliptical cone, as assumed
here. Therefore, L will either be smaller or the modulation

will be poorer. For the IR experiment, this is not very impor-
tant because the ray divergence at the grid will be much smaller
than would be possible, accordiﬁg to (3.7) and (3.8) (see Section
3.5).

3.3. Degree of Modulation

-The degree of modulation of an interferometer for prescribed :
ray geometry and wavelength of radiation to be investigated can
be deflned exXperimentally as follows:
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H.QﬁaSiQmonochromatic radliation falls on the-dispersion
element. The phase difference '1s first adjusted so that the
signal at the detector output takes on a maximum value of FM‘

This value 1s measured and, finally, the phase difference 1is
changed until the minimum.signal islireached, and its |

value Fm is also measured. The degree of modulation is then

defined as:

T

Ei-l Fm :
Eh + Ihh"

For the Michelson interferometer, M depends on the ray divergence
at the interferometer, as well as on the wave number and on the
phase difference. In the case of the lamella grid, it is also
determined by the grid constant and the number. of lamella pairs.

In order to carry out the experiment, it is important for /55
a large maximum radiation flux of the source to reach the detec-
tor and there must be a good modulation of this flux. Therefore,
M must be close to one., The fﬂux at the telescope 1s determined

by the solid angle range E = Fﬁﬂi or by (Di . ui)z, where Di is
the diameter of the imaging surface of the instrument and ai is

one-half of the ray divergence of the radiation which is incident
there. oy is defined by the field of wview diaphragm or by the

sensitive surface of the detectbr, as well as by the imaging
equations of the opties. *Di is then specified by Diai = const,

if a diameter 1s specified. The only diameter which is specified
is the one of the main mirror, irm; Iﬁ order $o now obtain the
maximum radiation flux, the fieid of view of the telescope would
have Lo be made as large as the diameter of the interstellar
sources being investigated. HoWever, since these sources are

guite large, this would lead to%a large ray divergence at the
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iﬁtefferemetef and, therefore, -fto possibly small degrees of
modulation. Therefore, the optimum ray divergence at the grid
and, therefore, the optimum field of view diameter would have
to be found (which is also détermined‘by other conditions, see
Section 4). This can only be done when the variation of the
degree of modulation 1s known quantitatively as a function of
the ray divergence. We will_ndw determine this.

Degree of Modﬁiation of the Michelson Interferometer

In the last chapter, we already determined an expression
for the interferogram of an extended quasi-monochromatic source
for the Michelson interferometer (2 17):

F(x) BQ)G/.:? Ne) / 7 v*_s;'.o(: Q_/ cas/-97e’xo (’f - Q/Wj _/ /

For the maximum or minimum radiation power arriving at the
L
detector, we find
}'7~ ‘l - Slnc(mjxmﬂ ) . 1:1-4 ~ 1 +' sin'c(l"u;; £, /

The subscripteum and M indicate that x is first to be taken at
a point which produces destructive 1nterference at the center
of the interference figure, andfthen at a distance of A/2 from
this, that is, for constructive interference. The estimation
(3.7), which also applies for the Michelson interferometer,
showed that tﬁe ray divergence Eannot‘exceed 1° by much for the
requirements formulated. Therefore, it follows that Q must be

smaller than 107* sr. Since dX&changes by 0.5 in the transition

from construetive to destructive interference, the argument of

sine changes by /4w =~ 10° %, which can be ignored in the deter-
mination of the degree of moduletion Therefore, the degree of

modulation can be defined for a certain phase difference and we
find:
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M, = sinc [%ﬂ_iio] /
\ i
For the experiment, we are interested in the wave number range
between 50 and 500 cm ' and thé maximum phase difference becomes
smaller thap 20 cm. Figure 12 shows the variation of the degree
of modulation in the spectral fange for a phase difference of 10
cm for various ray divergences at the interferometer.

Degree of Modulation of the Lamella Grid

The degree of modulation of the lamella grid must be
calculated numerically because the refraction and grid effects
complicate the formula for the radlation flux so much that the
integration over the incident and reflection angles cannot be
done analytically.

In the case of the Michelson interferpmeﬁerg only one angle
is involved 1n the calculation {becauSe the reflection angle
equals the incident angle accoraing to the reflection laws of
geometric opties). The exact calculation of the lamella grid
requires the use of four angles, and two of them determine the
incident direction and two others determine the reflection. ]
direction. It is because of refraction effects{Eﬁ;{iﬁg%:ié&éﬁof]
geometric optics can nollonger be used. 1In additién, there is
shading of paft of the lamells éurface if the direction vector
of the incident rays has a compbnent which is not in the plane
of the side surfaces of the lamélla. The exact solution of the
three-dimensional problem would}fequire the numerical calculation
of a four-dimensional integrai gver the four angles, which would Zil.

lead to unrealistic calculationitimes. For thils reason, we nmust
reduce ‘the calculation to a two-dimensional problem. '
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In order to obtain an idea .on the variation of the modula-
tion degree as a function of wave number, we will first estimate
The maximum wave number, for which it 1s still
(It becomes exactly equal to

its variation.
greater than 0.9%5
1.0 only for an infinitesimally small field of view and an

infinitesimally small detector surface area when the refraction

is important.

at the telescope optics can be ignored, because side maxima
occur and because of the finite flux in the v1c1n1ty of a minima
in the case of destructive interference.) This wave number E%#
is determined by the fact that, the

refraction pattern becomes s¢o narrcew that not only the zero

for large wave numbers,

order but also higher orders of the spectrum appear in the Tield
of view of the detector. Therefore, for: eﬁA
contribution 2’["‘.9’50 a/2 '11'1 the modulation term (1 + cosfzfrg(sﬂz 5"‘%'/2)_})/
of {3.2) becomes exactly egual .to v and this wave number is
determined by (3.6) 1f the equal sign is used:.

the refraction

. 2a s‘b‘s in ;é =

n?%:  .1$/

or

For ﬁ:?;ir; , the degree .of modulation should be constant
and be approx1mately equal to 1 and it should decrease for
smaller wavelengths The fOllOWlng table shows a few wvalues
oflﬁ; )as a functlon of the grld constant a and the ray diver-

gence 2'%‘6f at the grid:

o 40

5 10 BE%érc min,
r 1,5 261,8 174,35 130,9 87,5 53,6
1,0 174,5 115,4 87,5 52,2 29,1
0,5 87,3 58,2 43,6 29,1 14,5 .
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" The shading of lamellae displaced backwards 1s also of
interest here, caused by the ones in front of them, because this
determines the fraction of the radiation which is not modulated.

Ifa bundle of parallel rdys falls on a lamella grid with /58

the incident angle ¢, and if the shift i1s z, then the area shaded
for this bundle is given by the following (Figure 13):

[

2Af = Smtan¥ = 22| (3.15)

For a grid shift of 5 cm and a grid constant of 0.5 cm,
the shading for a ray divergence at the grid of 60' (10*', 5')
amounts to 35% {(11%, 6%) of one lamella surface area. These
numbers are only correct for the plane problem. In the three-
dimensional case, the flux from a certain direction must be
welghted by a factor which is proportional to the inclination
with respect te the optical axis, .The shadlng, in general,
leads to a reduection in the degfee of modulation. However,
since 1t is not a linear term ih the intensity distribution
[see (3.21)]1, the non—modulatedipart of the flux is not
proportional to the shaded:surface area.

As a further effect, which restricts the operation of the
lamella grid, we should mention}bhe wave guide property of this
instrument. I the wavelength of the incoming radlation is
on the order of the grid constaht, then the grid behavés like
a waveguide. for the radiation reflected at the lamella surfaces
displaced backwards. The effect of these circumstances on the
emitfed spectrum dependsion the wavelength, the polarization, and
the mode of the incoming wave, as well as on the lamella width.
If a p;ang monochromatic wave impinges on the grid, for which
the electrical field is perpendiéular te the side surfaces of
the lamellae, then an effect oceurs. On the other hand, if it

i
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Figure 13. The extinction at the lamella grid,

is parallel to the surfaces, then the wavelength changes accord-
ing to the relationships:

Aw = = -

Co o 4_. (,qa/a)z

(3.16)

|
where A is the wavelength in the waveguide, Ag¢ 1is the vacuum /59

wavelength, and a is the grid constant [13].' In order for this
‘rélationship to be valid, the edge [sffects &t the inlet aper-|
ture of| the waveguilde must be negligible, which means that the
ratlo of the length to the wildth of the wavegulde is sufficiently
large. Thils condition is satisfied for lamella grids with a

shift of 10 em and a grid constant of 0.5 cm., Relationship

(3.16) applies for the largest possible change in wavelength,
which occurs when the wave propagates in the conductor in such

a way that the vector of the electrical field is parallel to

the lamellae and this fileld only wvanishes at the side surfaces

of the lamellae (TE% 1 m@de). For other modes, this change

will be smaller. For a vacuum length of 200 u and a grid con-
stant of 0.5 cm, we have: lw/kn = 1.00008. The change in the

wavelength, therefore, is below the resolution 1limit of 0.02 .
As long as the wavelength is not greater than 200 u and the
--grid -censtant is not smaller than 0.5 cm, the waveguide property
of the lamella grid does not play a role, but this effect rapidly

becomes critical when the wavelength is increased. In the
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nﬁméfiéai>ﬁréétment of the problilem, this effect is not

considered.

Now we will develop an analytical approximation for the
variation of the modulation degree of the lamella grid, assuming
that only the refraction term (3.6) is responsible for the change
in the phase difference with reflection direction. When we
determined the maximum light yield, we already showed that the
interferometef properties of‘ﬁhe_grid dominate only for very
large grid shifts. ‘A more accurate estimation for the range of
validity for the following approximation 1s obtained when we
require that the refraction term C3.6}lbngreater than the

interferometer term (3.5):
< 2XH(1 = costg) € 2{a‘~sin?¢ /
or

22Xt/ s 2ate . /

IT we set the two angles equal;to‘each other, we find:
% Szax | S (3.17)

If this inequality is satisfied, then.the approximation solution
applies.

In the following developments, we will consider the linear iﬁégg
problem. In addition, the side,maxima of the grid term are r
ignored, which makes sense for N'z 10, because then they are
sufficiently small. (Maximum 4% of the main maximum.for N = 10.)

|

Under these assumptions, the degree of modulation equals
1, as long as the first order spectrum does not reach the field
of view of the detector. If the diameter of the detector is
made just large enough so that the field of view of the telescope



1s éxactly iméged onto it, then the spectrum of first order dies
outside of the field of view ofthe detector, as long as the

refraction in the optics ¢an be ignored, 1f the following holds:

R~ r‘-.-_2&6>_0 7
R is the distance between two maxima of the grid term, that:is}

of two spectra., r is one-half the width of such a maximum and
WG is again one-half of the ray divergence at the grid and,

therefore, also the radius of the'field of vieﬁ'at the detector
(Figure 14). Prom (3.2), we find: R = 1/ac and r = Yo = 1/Nac.

If these vdlues are substituted in the above, and if we solve
with respect to the wave number, we obtain the wavelength down
to which the degree of modulation equals 1 in this approximation:

R W - i‘_-_ : (3.18)

For o = 30", N = 20, a = 0.5 em, we have for x, = 10 cm wG =

o
8.7 - 107% rad and 2a/x0«=‘0}053 which means that (3,17) is
| | 2 ‘

satisfied, and therefore, the approximation can be used., For
the given values, we have i1 = 92uﬂ- In addition, (3.18) agrees
quite well with the earlier estimation (3.14). In the latter,
however, we ignored the widths of the maxima and, théfefore, for
N »1 (3.18) becomes (3.104). '

For wavelengths smaller than Ai, the degree of modulation /61
should be determined by the 1in§ar increase of the minimum
intensity for constant maximum intensity. This is brought about
because R decreases linearly with wavelength and the maximum of
first order therefore wanders into the field of view of the .
detector in approximately a linear manner. (This is only correct
for ray divergences which are large, compared to the width of
the maximum, because otherwise,ithe shape of the maximum is
felt‘.) e e e ! . . o
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Figure 1il. Definition of A1,

As soon as the third order also reaches the field of view

of the detector, the decrease in the degree of modulation should

become steeper. This would be the case

. . L s E .
or L -

N ;” 2« Nabh
and we find, for
ﬂé’z&.; 30°, N.= _sf.o,__‘;; = 0,5 cm: .
and for - o e .
e /"35';= 307, N'= 10, a = 1 - em:’
. c \\\J '
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7_Noﬁ we will approximately determine the degree of modulation ggg_
between A; and Az analytically. The flux contained in the zero
order of the spectrum is assumed to be constant and is normalized
to the following:

Yo
The amplitude of the spectrum of flPSt order is given by

1

T, = sine® (1/2) - (Tr? mose

The following fraction of this reaches the field of view of the
detector:

L]

The maximum flux from the first order on the detector is,
therefore. (1f the intensity distribution is rectangular, as is
assumed in Figure 14):

|
. Loz =
In addition, we assume that FM ax ID and F min IlD' Then, we

find the following for the degree of modulation

CE. < T 0,2 _z/» & 0,4 ;:(N ~ 1)/Na .|

o TR+ 14,8 % -0 14 R(N ~ 1.)/mT

For wG = 30', N = 20, and a = 0. 5 cm, this expression yields the

following:
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1 ,: P R . ) 5 \ . .
Mpsﬁﬁ}t;jj‘uﬂ - M7 7 1Values Irom the numerical calculation

2000 1,0 gwo
S0 T 0,090 0,90
gf 850,80 . emen
L7000 0,68, 0,65
: 60 e ,0,56 .‘ 5 ' ‘0“!52...
Cs0 T 0,47 L 0,39 .
a0 0,38 . 0,300
so v 050 0 0,20

Figure 15 shows these values, together wlth the numerically
calculated values (see below) for the same grid data and the /63
same ray divergence. One can'see that the approximation solu-
tion is a good description of the numerically calculated curve
for wavelengths which are not téo small. The deviation becomes
the smallest in the region where the maximum of first order Jjust
reaches the field of view of thé detector, because there, the
flux concentrated in the side maxima 1s the smallest, compared
with the flux absorbed by the détector. In the region around X;,
the deviation again becomes 1arée because there, all side maxima
between the first and third main maxima are imaged onto the

detector, but are igncred in the approximation.

The approximaﬁion‘given allows one to understand the
creation of the degree of modulétionafor the lamella grild. It
1s desirable to get a better idea of the degree of modulation
for selecting the optimum grid éonstant and ray divergence. In
particular, we are also interested in the variation for the
three-dimensional problem, thatiis, for area sources. "HFor this

reason, we will now carry out the numerical caleculation of the
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degfée-of ébdﬁlation. This starts with a formuia fof the
intensity distribution in the interference pattern, which is
similar to the distribution (3.2), but which considers the
shading of the lamella surfaces. S

Let us assume that the grid constant a, the number N of the
lamella pair, the initial grid shift z, the wave number ¢ of
the incident radiation, and the ray divergence 2 Yy at the grid

are given. In'addition, we assume that all rajs which leave the
grid with an inclination of less than wG with respect to the

surface normal of the lamellae are absorbed by the detector.
Using these data, 1t i1s possible to determine the radiation flux
through the detector surface.

The first calculations for the two-dimensional problem with
a linearvsource are performed, assuming that the source has the
position given in Figure 16. First, the grid shift z is adjusted
so that the flux at the detectof becomes a maximum. This 1s the /64
case when, in the zero order of the spectrum, there is construc-
tive interference, that iEthenithe grid shift is a whole multiple
of one-half of the waveléﬁétb of the radiatlion under considera-
tion. The flux corresponding tb this grid position is determined

by the double integral

¥ 134 % L
»f: ng/cxc//f j_(cxxgc;z,,)
T a2 '_-
where 1 1is the 1ntens1ty dlstributlon derlved in Appendix B:

il 529 (Nbesecs /2 ) _ it (AL, ~ AL - cos /2 s AL
I | (4ne)r (-fw(ma/z)) 2 ccoj“/ # ¢ )] I[_ ¢ 22/ !

E' faas{ié;ﬂ (/wz /M/,}v‘ué;ﬂ z_/v‘cas‘[.é;" (A.Z ..Az,)-f/éw z]
P i/ 4 (Af{z AZ)*éVg]-—ca_s*[,éW ALy = Alty) #44Z- z]/ (3.21)
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+ A/bh and, in the zero

After this, the grid shift is changed by
approximation of the spectrum, there is destructive interference,

The corresponding double integral then results in the minimum

flux Fm'

From FM and Fm’ one then calculates the degree of modulation

according to the definition equation (3.12). (See Appendix D

for the calculationl)
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" The results of the calculation are given by the curves of
Figure 17 for various parameters. In addition, we show the
variations of FM and F_ for a few cases in Figure 18.

“aThe calculation carried out in this way is exact for linear
scurces and can be loocked upon as an approximation for the area
sources. A better model for aréa sources is obtained by weight-
ing the rays with an incidence angle of o with respect to the
grid normal with this angle, which simulates the spatial expan-—
sion of the source. When one transfers from a linear to a
circular source, the inclination angle o becomes the semi~oepening
angle of a cone along whose generating surface the 1lncident rays
rass. The flux is proportional: to the circumference of the base
area of the cone, (see Figure 16). The results of this calcula-
fion are given in Figures 19 and 20.

In the case of the linear model, the .influence of the edge
rays was undervalued. In the célculation for the area sources,

it 1s overvalued, because the flux- 'contained in them is correctly

/65

consldered, but one does not coﬁsider the fact that the grid does

not have any radial symmetry. Therefore, the edge effects
parallel and perpendicular to the grid structure are different.
The actual degree of modulation. will, therefore, lie between the
values calculated for the lineaf and circular sources.
. 1 . .

With,this‘data, it is now possible to compare the lamella
grid with the Michelson interferometer, asito their suitability
for a balloon experiment.
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3;4. Comparison of Michelson Interferometer and Lamellae
Grid

Degree of Modulation

The previous results could;lead one to belleve that the
Michelson interferometer is better sulted for the IR experiment
than the lamellae grid because of its very flat variation of the
degree of modulation. The variation found in Figure 12 1s based /66
on the assumption of an ideal réy divider with a reflectivity
and transmission of 0.5. Unfortunately, these ideal values can
only be approximately realized in relatively narrow spectral
ranges and, even then, they are different for the different
polarization: directions of the incident radiation [2, 14]. .The
variation of the degree of modulation of a Michelson interfero-
meter which can be realized ‘is much different from the one calcu-
lated here. It is not to be expecﬁed that it is monotonic dver
the entire wavelength range betﬁeen 20 and 200 ﬁ. In opder to
cover the entire spectral range; several ray dividers would
have to be used which would lead to a reduction in the multiplex
gain.

One advantage of the Michelson interferometer is the fact
that its degree of modulation is much less sensitive on the ray
divergence at the instrument than that of a lamellae grid. Its
ray divergence could be_greater:for the same degree of modulatioh
(for ideal ray dividers) than for the lamellae grid. Because of
the fact that the solid angle range is constant, it would then
be possible teo reduce the diameter of the interferometer compared
with that of the grid. The diameter of the main mirror is 1 m.
Ir, iq_ad@igign, we assume a field of view diameter of 1', then
the solid angle range is: E = 2.6 - 107* cm® sr.. The ray .

§
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diﬁéféeﬁcé ét'theAgrid is a maximum of wG = 1/2a0M =2 - 10 *

rad, according to (3.8) for g,, = 500 em * and a = 0.5 cm.

M .
Because of the fact that the sdlid angle range is -constant, we
therefore find a diameter of 7J2 em for the lamellae grid,
According to (3.6), the ray divergence at the Michelson inter-
ferometer can amount to 0.01 réd for the same wave number and

a phase difference of 20 ¢m, which results in a diameter of 1.45
em. The Michelson interferomeﬁer could therefore be considerably
smaller than the lamellae grid because of the better (theoretical)
variation of the degree of modulation.

On the other hand, the lamellae grid has the advantage of
a monotoniec variation of the degree of modulation, which can /67
compete with that of an ideal Michelscon interferometer for
sufficiently small ray divergence at the grid for X > 20 u.
The latfer is determined by no material constants and is, there-
fore, easlier to produce than the ideal degree of modulation of

the Michelson interferometer.

Light yield

The lighf yield is defined:as a product of the solid angle
range and the transmission. The transmission is close to 1 for
both interferometers, if the degree of modulation is close to 1.%
According to Figures 18/20, it %emains about constant for the
grid, if the degree of modulation 1s changed, because IM remains,

approximately unchanged. The same 1s true for the Michelson
interferometer, if the modulatipn decreases because of the
excessive ray .dlvergence. However, it is reduced based on the

- -*We use the definition LE.?G)‘for_the transmissibﬁﬂ"the
average transmisslon i1s about 0.5. T
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optical pfopefties of the ray divider and the ‘1:1"‘za.nsir1:lss:‘Lon‘;'<“w
becomes less than 1. In addition, whentther-radiation passes
-through a real ray divider, a part of the flux is always absorbed
which also reduces the transmission. ‘A similar effect is
produced in the lamellae grid by the shading of the lamellae,
which reduces the degree of modulation, as well as the trans—
mission. Some of the curves in Figures 17/19 were calculated

for the grid shift of 0 and 5 cm and the influence of the shading
can be seen. The flux concentrated in the side maxima can also
lead to a reduction in‘the transmission for the lamellae grid,
when these maxima are not imaged onto the detector. According

to the estimation made above, they contain only about 10% of the
flux of one main maximum and, therefore, this effect 1s not very

large (1t brings about a decrease in IIVI

at the higher wavelengths

shown in Figures 18/20). Therefore, we should expect that the
transmission for the lamellae grid will always be above 0.8 and
that it will be similar for the Michelson interferometer, as

long as the ray divider is optimum for the considered‘wavelength.

The solid angle range coula be made considerably larger for /68
a Michelson interferometer than for the lamellae grid for the
same effective surface area. The maximum ray divergence given
above is greater for the MichelSon interferometer by a factor
of 5 than for the grid. Therefore, for the same surface ares,
the radiation flux could be 25 times greater than for the grid.
Since the diameter of the main mirror is constant, it would be
necessary to have a correspondiﬁg enlargenment of the field of
view diameter, which makes sense only as long as the diameter
does not exceed the size of typical sources. Otherwise,-only
the perturbation radlation from:the atmosphere and from the
mirrors of the telescope optics would be increased, which would
have detrimental effects on the: s/n ratio. The advantage of the

Michelson interferometer for thg IR experiment is not sc¢ much

91



its large solld angle range, but more that it can be made
considerably smaller than the lamellae grid.

Elgen Radiation

The elgen radiation of the lamellae grid equals that of the
mirror. The eigen radiatilon of the Michelson interferometer 1s
determined by the radiation of the mirror and the ray divider.

A good mirror can have an em1551v1ty of € = 0.0l, whereas the
emissivity of a real ray divider is € S 0.1.%¥ PFPor the same
temperature, the radiation intensity of the ray divider 1is about
10 times greater than that of a very good thirror. The total
radiation is proportional to €T* for the same temperature and
50lid angle range. If the flux from the ray divider is not to
be greater than that from the mirror, then its temperature can
be dropped according to the following:

T - 5 T
or (for _é_,;_::?}dj; }

The normalized nolse power is proportional to VeT5 if no Ffilter
is inserted In the radiation path. If it 1s to be the same for
the mirror as for the ray divider, then we must have:

- ' 02 C e | . - .
L = -‘/’ (@P/e_ﬁ) = Q637 (3.23)

#0f course, it depends on the material and the thickness
of the ray divider.
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As long as the mlrrors are at the temperature of the
surrounding (250° X at an altitude of 35 km), (3.22) can be
satisfied if TS = 129° K. This is just above the temperature

t .
of boiling nitrogen and can, therefore, be done using a nitrogen
coeling system. If the entire telescope is at the fTemperature
of nitrogen (about 70° K), then we would have to have Tst % 399 K.

Since the ray divider would haje a diameter of only 1 c¢m, the
cooling could be done with a li&tle bit of complexity. On this
point, a lamella grid would be more advantageous, because it

does not introduce such difficulties.
Sensgitivity with Respect to Inhomogeneities in the Ray Path

If inhomogeneities in the ray path of the telescope occur,
for exampléJbecause part of a collimator mirror has deposits,
then the iﬁferferometer is no lonpger uniformly illuminated. This
has no consequences for the Michelson interferometer, because
the radiation coming from the sprface with the deposits is
divided by the ray divider angd,, after reflection at the inter-
ferometer mirrors,-they-interfeﬁéwith themselves, In the case
of the lamellae grid, on the otﬁér hand, the surface with
deposifs will illuminate another lamella than the adjacent clear
mirror surface in the most unfavorable case. The radiation
bundles reflected by the lamellae will interfe}%but, because of
the different emissivities of the mirror surfaées from which
they depart, they will have different amplitudes and, therefore,
can no longer destroy each othef. In the worst case, one
lamella is not i1lluminated at all (if there is more than one
lamella, the contrlbutions.with reduced amplitude partially
cancel again). The radiation ffom the adjacent completely
11luminated. lamella 1s not modulated and the degree of modulation'
will drop. When such inhomogenéities oceur 1n the ray path,

i
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there will be; in the worst case, a small reductlon (= 1/2N, N
is the number of lamellae pair} in the degree of modulation. for
the lamellae grid, and this is not critical.

.
3
[a]

Control

|

Another point which must be considered when selecting the
dispersion element is the controllability of the interferometer
shift. ' '

The Michelson interferometer 1s more favorable on this
point, because it can be made smaller and lighter than the
lamellae grid. This means that the part in motlion is also
light and can be more easily controlled than in the case of the
lamellae grid. (The weight of a mirror with a diameter of 1 ecm
is on the order of 10 p, whereas the weight of a lamellae
collection with a side length”df'lo em is on the order of 1 kp.)
This argument is especially important for the balloon experiment,
because the position of the interferometer is not fixed in space.

Because of the smaller areas, the requirements for adjusting
the Individual partscof the interferometer with respect to each
other are considerably reduced for the Michelson interferometer,
compared with the lamella.grid.? In addition, in the case of
the Milchelsel interferometer, the movable mirror can be replaced
by a system of two curved mirrors (cat's eyes);* of which one is
used for fine control of the phase difference with a very small
time constant (aboﬁt 1 msec) [15]. These possibilities do not
exist for the lamella grid and, in this case, it is always
necessary to move about one-half of the relatively large grid

mass

¥In addition, cube corner reflectors can be used which
greatly reduce the sensitivity agalnst small tipping motions of
the reflectors.
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Ndn;fmaging Elements

For the IR experiment, there shall be the possibpility of
using the dispersion element iﬁ conjunction with a light con-
duetor or an off-axis mirrer. Now, a light conductor produces
no optical imaglng at all any more,| and a mirror with a large
off-axlis angle and large apeffﬁre ratio will only produce poor
images. DBoth systems disturb the phase relatlonship of the
incoming rays;'at least in parti This means that the interfer- /71
ence pattern and, therefore, the modulation of the radiation
should be disturbed. On the other hand, light conductors are
successfully being used in conjunction with interferometers [13].
Up to the present, we were not able to clarify why light
conductors can be uséd in interferometry. Only model calculations
for the behavior of the degree of modulation indicate that the
results will probably be very similar for both types of inter-
ferometers (Michelson interferometer and lamella grid). A
better theory of the light conductor will have to be developed
for the final resolution of this problem. For the present time,
we must assume that both dispersion elements show the same
behavior, if a non-~-imaging element is used in the ray path.

Decision

Summarizing, we can say that the advantage of the Michelson

interferometefllies in 1ts small dimensions and %the resulting

easy controllability and the relatively low reguirements for
adjustment. The disadvantage'of it 1s the use of the ray divider,
which then limits the useful sp¢ctral range of the instrument
because of 1ts material properties. On the other hand, the
lamells grid can be used fto exploit a large spectral range if

the ray divergence is not too large (one of the first instruments
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Of\ﬁﬁis.type éould process a spectral range between 15 to 4000 u
[16]). "This advantage must be bought with the relatively high
dimensions of the instrument and the correspondingly high require-
ment for control ﬁechnology and adjustment. However, when these
purely technlicecal problems are solved, then the lamella grid will
be guperior to the Michelson interferometer, as far as the
requirements of this experiment;are concérned. “For this reason,
we belleve that the lamella grid is the dispersion element which

is best suited for the IR experiment.

)
N

3.5. Dimensioning and Tolerances of the Lamella Grid

The dimensions of the lamella grid are found from the
following coensiderations:

i)  The width of the main maxima of the spectra caused by
refraction effects for parallei‘incidgnt radiation sheould not be
greater than the -finite magnitude of the width of the maxima of
the field of view or of the souﬁcess becaugse otherwise, the
refraction lossges become too 1a§ge."The width EwM ef the main

maximum fer the maximum wavelength is the following, according
to (3.2): '

2%, = fQM/Na = Ku/D I | (3.24)
On the other hand, because of the fact that the solid angle range
is constant, we have: '
. - . _. —2
D =:2,910 Teom radJ

for a 1 m maln mirror diameter and = l‘ﬂfield'ofnview diameter.
D is the ray diameter at the imgging surface of the optics and
o is the divergence of the incident radiation. If we set the
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width of the maximum EwM equal‘to the ray divergence at the grid.

2¢d, then (3.24) can be written as follows:

Lo - h . 7 “ . -2 ) '
‘2K, = nNat2% = 2,0°10 Tcm rad. / (3.25)

ii) According to (3.18), the minimum wavelength is the
followlng with a degree of modulation of approximately 1:

ﬁx??";ézé'“ |

(this 1s only exaet for suffilciently large N). If we solve with
respect to a, we find the following from this relationship:

 %25£“é%¢ (3.26)

and substituted into (3.25):

28, = WA, | (32700
For A_ = 20 u and AM'= 200 u, it follows that:
- s, (3.28)
iii) In order to be able to have a mechanically stable 73 .

construction of the lamella grid and optically perfect machining
of the lamella, the grid constant cannot be smaller than 0.5 cm.

For this lower 1limit,
a = 0,5cm .\ (3.29)

we then find:

D_—z Na = 1ocm .\ : (3.30)
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These dimengions of the.gfid seem qulte reasonable and the
instrument is still manageable and does not become too heavy for
the balloon experiment. The thickness of the lamellae is 2.5 mm
and is still large enough so that they have sufficient mechanical
stability.

If we substitute the value for D determined in (3.25), we
find the following for the ray divergence at the grid:
2% = 2,010 °rad = 107, (3.31)
Figure 19 shows that the instrument operates with a degree of
modulation of approximately 1 down to 20 u, if the spécifications

given above are;gdoptea;}

iv) The grid shift is specified as follows by the required
resolution, according to (2.7):

&2 = 0,681/X = 0,681/2z .

X here is the maximum phase difference and z 1s the corresponding
grid shift. The quantity &80 takes on the smallest value for
constant resolution for the smallest wave number, Since a
resolution of greater thancoriequal to 10%® is required, we must
have _

éa;,/ge = 10° 1

which means that

&2 = 0,05cm .
This means that the required grid shift is:

98



The movable part of the grid must, therefore, be capable
of being displaced by at 1east¥§&8 cm, with respect to the part
at rest, in order to provide a resolution of greater than 103
over the entire spectral range. However, a somewhat greater
~grid shift should be possible, because according to the defini-
tion used for the resclution, the separation of two (¥) separated
by 8o only starts at the caleculated value of the shift, which /T4
means that it 1s practically no longer visible. (The depression
between the lines in the caleculated spectrum is still zero.)
Since the resolution is reduced when filter functions and
apodization funetions are used, it seems that a maximum grid

shift of 8 cm 1s appropriate.

v) The width of a spectral element is A8 = 1/2 X = 0.0367

1

~! and the spectral range extends over approximately 500 cm ',

em
which results in the number of spectral elements of N = /1, .y
500/0.0367 = 13624, The number of interferogram points 1s just

as large. They are distributed over a grid shift of 6.81 cm

and follow each other at distances of 6.81 em/N = 5 . The
movable part of the grid must be displaced each time by 5

between the determination of two interferogram points,

We already mentioned above that the grid shift should be
made greater than 6.81 cm. Now we must reallze that, for the
Fourler transformation programs according to Cooley-Tukey, the
number of transfcocrmed points must always be a power of two.
(If less values are measured, then the other positions can be
filied with zeros.) The next power of two greater than 13624
ig 2'* = 163BL4. This. number of points can be explolited if the
grid shift were increased to 2'* « 5u = 8.192 cm. Then it is

also possible to achieve the required resolution, even when

¥ Translator's note: Word omitted.]
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apodization functions are used [17].

Finally, we obtain the following data for the grid:

Number of lamella pairs: N = 20
Grid constant: a = 0.5 cm
Optimum ray divergence: 2¥y = 2.9 ° 1072 rad = 10"
Maximum grid shift:  z = 8.2 cm
Step: Az = 5 u
Tolerances 15

The folerances of the lamella grid must be oriented towards
the smallest wavelengths being measured, that iggtowards Am =

20 Y. The basic requirement is that the sum of all possible
errors occurring at the lamella grid produce a phase difference
of less than lm/lo = 2w for barallel incident rays.

For this purpese,:the surfaces of the lamellae must be
machined so that, at the positicn with the grid shift z = O,
no polints of the grid surface deviate from the 1ideal pla%?iﬁ?\
more than 0.5 p. The positlion of this plane in space is not

as critical.

In addition, when the movable lamellae family is displaced,
nce peint on the plane of this family should deviate from the
adjusted shift by more than 0.5 u. The advance of the grid must
be controlled with the same accuracy of 0.5 ¥ and it should be
possible to measure 1t within this accuracy.

If these toelerances are malintained, then the instrument
should reach the calculated degree of modulation down to wave-

lengths of 20 u.
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Remarks for the Construction¥

When constructing the grid, one must be especially careful

that the toelerances can be maintained for arbitrary positions

of the instrument in space. This can only be done if the indi-
vidual lamellae have sufficient stiffness and the entire instru-
ment has great mechanical strength. The guides of the movable
part must be very precise, which is difficult to bring about for
the required accuracy. This problem ig very lmportant for the
operation of the grid.

Since the telescope 1s to be cooled later on to the tempera-
ture of boiling nitrogen, it is useful to design the grid "+ '
now, 80 that it can still operate at this temperature. This i_ﬁ
leads to the requirement for building the instrument from a
material which has approximately the same coefficient of expan-
sion, so that the ground surfaces will not deform when there are
femperature changes. A glass ceramic material with a low
coefficient of expansion (Zerodur) Seems to be especially suit-
able for this. One must then consider the various eXpansions
of the materials in the transition to the metal parts of the
grid guldes. At 70° K, the drive system will alsc present some
problems. The motor cannot operate at temperatures substantially
below 270° K, because otherwise, the lubricant freezes, There
is a micrometer spindle between the motor and the grid, and
its length change with temperature must bé considered. In order
for the heat flux between the motor and the grid to remain small,
which would produce temperature gradients in the grid, there

must be a heat insulating layver between these two components.

¥The Iinformation on the problems presented here ﬂ;;‘due to
J. Stoecker. C
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If the micrometer spindle is cold, then the step of the
grid advance will be smaller than 1s the caseiaE{room tempera-
ture, which means that it is very important tomaccurately measure
the grid shift in each case, An optical system would be ideal
Tor this, for example, a laser interferometer or a Moiré system,
which both reach vefy high measurement accuracies and depend
very slightly on the surrounding conditions. On the other hand,
both.Systems‘require light sources, they have a high degree of
energy consumption, and produce relatively large amounts of heat
and they also cannot be operated at temperatures much above
270° K. TFinally, the radlation of the grid, which is point

shaped  'in the case of a laser interferometer, leads to temperature

gradients and, therefore, deformations in the lamellae. Therefore,

a system of the firm Haidenhain, based on the inductlion principle
and whieh 1s fixed in the zercdur body of the grid, seems
appropriate for the IR experiment. At the present time, the
accuracy of this system is still too small, buft one instrument
should be bullt by the end of 1974 which can measure distances
with an accuracy of 0.5 u.

Another problem 1s the separation of the incoming rays and
the rays reflected by the grid. The simplest soclution would be
to have the grid obligque with respect to the incident radiation
so that the normals of 'the lamellae surfaces would have an
inclination with respect to the axis of the incident ray bundle.
The inclination of the grid would have to be perpendicular to
the lamellae structure, because otherWise, the lamellae surfaces
in the back would be shaded. ' In this arrangement (Figure 21},
we must consider the facet that the displécement-of the movable
lamellae is perpendicular to the directions of the incident or
reflected rays, and, therefore, with increasing shift, they
wander outside of the bundle of the ineident radiation. In
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Figure 21. 3Spatial separation of reflected and incoming rays.

order to obtalin smaller losses, the grid would have to be over-
dimensioned, which would have a detrimental effect on the
stability. 1In addition, there ls no possibllity here of
specifyiﬁg the grid lnclination in a reproducible way. However,
this is very important because the inclination determines the
produced phase difference. For the arrangement discussed here,
it 1s glven by_

X = 22 cos(8 /2) .

~
o

Therefore, 1% 1s more advantageous to have an obligque
surface on the lamellae and to adjust the grid in such a way
that the motion of the lamellae is parallel to the axis of the
incoming radiation (Figure 22).. The reflection direction is )
- then uniquely determined by'the'inclination of The lamellae =
surfaces. If the anglg between the normals of these surfaces
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ldirection of motion of lamellae

Figure 22.

and the direction of motion 1s R/2, then the reflection occcurs
at an angle B with respect to these normals and the phase
difference for the grid shift =z is:

‘x = 'z'.-.( 1 + cosd3)

The reflected ray bundle has the diameter D, of the incident
bundle for z = 0 and for a finite grid shift, it is wider by
A =z » ginf, which must be considered when dimensioning the
collimator mirror, which follows the grid.

If B/2 = 5° 1s selected, then A = 1.7 cm for a 10 cm grid
shift and for separating the incident and reflected radiation,
and for a 10 ecm ray cross section, a path of about 60 cm is
required. This means that neither the collimator mirwor. .nor
the path required for separating the rays become excessively
large. Considering the ray divergence at the grid, we find a
collimator mirror diameter of D3 = 12 cm.

We should also like to mention that 8 can be freely selected

within certain limits. Therefore, relatively wide tolerances
are allowed fer the manufacturing process-(about 0.5°). The
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value obtalned must be known to within a few minutes of are
in order to carry out the correction for the phase difference,
according to (3.33).
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Iy, Optical Structure of the IR Telescope /79

The establishment of the unknown data for the telescope
optics (optical system, focal length, and diameter of the
mirrorsl and of the detector (time constant, noise power)
determines the reguirements for the overall payleoad. (uncoocled
or cooled optics, welght distributlion in the balloon gondola,
alignment accuracy of telescope}. In order to arrive at mean-—
ingful decisions, the purpose of the IR experiment must be
discussed in more detail. The radiation fluxes to be measured
and the spatial extension of the interstellar scurces must be
considered most important. Therefore, we will first investigate
the fluxes which occur at the detector, because of the various

sources, as well as thelr noise power levels.
4.1. Radiation Sources

4,1.1. Interstellar sources

The objects of interest are, for the most part, extensive
sources, that is gas and dust clouds, as well as galaxies. The
breadths of these objects ranges between seconds of arec up to

several minutes of arc.

Here we will only consider interstellar clouds, because they
were first investigated. As a typical example, we will consider
a gas cloud with a diameter of 1 pe = 3 * 10'® cm and a tempera-
ture of 100° K. The electromagnetic radiation in the infrared
then primarily comes from thermally excited molecules. The
intensity of the lines is approximately given by the value of
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the Planck curve at the corresponding frequency and temperature,
multiplied by the line width fqr media which are optically dense
for the line center. For a tygical density of 10° em °, the
cloud will, for ‘example, be op%ically'dense‘fdr‘the line radi-
ation of CH, OH, CN, if the coﬁresponding transitions do not
start at excessively high rotational levels (J £ 4).
The number of photons emltted by a black body at temperature /80
T at a wavelength A ois: T

oo T - 7 Phot I’ISI
ot D2 . 1
| AR 7_ oL Ec/ 7):‘ — [ h2 O ] (4.1)

The line width is determined by the Doppler width of the thermal

motion of molecules:
_ V,Q "_} 8/\‘7.:'I \
=R ‘6=‘//—‘m-/ (4-2)
{(if microturbulences occur, then vy ean be even larger).

Therefore, we have the following for the photons emitted per
line:

f;;fiL;f*'c4”'-" 7R J&”H A :@hotons
R e =7 e S S "“"’V - 7. x sf-r/j

where A must be substituted in .centimeters. The typical

molecular weight is around 20 and, therefore, with m = 20 mp =

3.34 - 107%2 g, we have:

L .

”VD =" 3,2 :l()4 cm/s \.Z

Fherefore:

L

o G0t A . Photons
“u R XJ' CeTHRT L . cm_rrs '
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or:

The maximum of this distribution is at he/kTA = 3,93, so.
that for a cloud temperature of T = 100° K, a wavelength of
36.5 p results. One obtains the following intensities as a

function of wavelength:

t00p - 1,99-2000 %t 3,05-10710 K
Coop . 2,22020%0 0 ae0-107H0 o
f_36,5p, 2!60‘1010 S ?‘“1,43-10f10 .

i"'5’-“3’211 1,74-10%0 S 1,22-10'40‘;.*'"

The intensities to be expected, therefore, lie in the range
between 10~ 1'% and 107!! W/ecm? sr per line for typical sources.

For hydregen, one of the most 1mportant molecules, such
a cloud is not optically dense. For the 28.2 u line, we then
obtain: '

f‘z =';é_15n*d3”)
] R 2V

where A is the Einstein coefficient and n is the density of the
exclted H; molecules. The differentlal equation for the number

of excited molecules in the first rotational statelis:

: a0 o
= kn” - k'nn - An ,

o
fdt ~ T

~
oo
| H

where k' = 10 '*em®/sec [18], k = k'(2J + 1) » exp[-J(J +. 1)BHec/kT],

A =1071'% sec”!. 1In equilibrium, we have dn¥*/dt = 0, and by
s0lving with respect to n*, we flind
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}-E‘_Q%r A «k' * n, it follows that:
/0 = (23 + 1)-exp(-J(J + 1)Bhe/KT) )

< R
i

and

(4.4)

oE €¥p(_J(J_+ 1)th/kT) nlk.

If the density is again 10° cm™®, with J = 2, we find for A =
28.2 u:

g hotons
= 3710;0 EL—-——ff—
o . en“sr s

or

B
Ci= 2{1-10-19‘W/9m sr .}

If we again ignore absorption by the dust, then the intensity
has the same order of magnitude as that of the lines for which
the gas.cloud is optically dense. The reader 1s referred to
[26] for the influence of the dust on the intensity.

The interstellar :sources which are of primary interest
because they are the strongest produce intensities on the order
of 1071° to 107! W/em? sp per line. These radiation power
levels must at least be detected in order for the experiment
to produce results. Later on, an attempt will be made to also

measure lower intensities.¥®

*¥In addition, we can also.investigate‘bright sources, such
as H IT regions [27], planets, and interstellar dust.
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4.1.2. The atmosphere and the telescope optics
' considered as a radiation and noise source

The atmosphére is one of .the most important'Sources of
perturbation radiation. According tc a private communication
of F. Low, 1f has an average emissivity of € = 0.01 in the far
infrared, at an altitude of 35 km. There, the temperature is
about 230° K.. According to theé Wein displacement law, the
maximum of the radiation intensity of a black body (referred
to wave numbers) at the temperature T -occurs at the wavelength

R =2,9-107°m| degree/T.

For T = 230° K, we have A, = 12.6 1 and this is close to /82

the wavelength region being investigated. Therefore, as a zeroi
~rapproximation, we can assume that the total radiation flux is
recorded by the detector, whicﬁ.is esgentially true, if there
is no filter at the radiation input point. At 230° K, the flux:
from the spectral range A 2 20 1 is about 0.4k and. frem A 2 30 u
it is about 0.19 of the total flux; the Intensity of which is |

given by: ‘ -

. o : ‘
b &g/ / (4.5)

At T = 230° K, we have i,, = 5.0 ° 107% W/em? sr. This flux

At

density is divided up among about 100 lines :[23], so that the

intensity per line is about 5 - 1077 W/cm? sr. This is three
b

to four powers of ten more than the intensity per line from a

i

typlcal interstellar cloud. One of the main problems of the
- experiment consists of suppressing this perturbing radiation. . .

[ A B W



Whereas the atmosphere produces essentially only line
radiation above 30 km, continuum radiation is produced by the
reflecting surfaces of the telescope opties and the Dewar
window (see 4.2.5). Its flux density per unit surface area of
emigssion is also given by (4:5). The emissivity of the mirrors
is & = 0.01 in the most favorable case, and 1ts temperature is
specified by the surrounding témperature for the first flights,
i.e., we will have T = 230° K at an altitude of 35 km. For
five mirrors this number is uéually"requiredi; we then have:

‘éb = 2,510 4V/cn sr .\
If we assume the same temperature for.thezggyggjwindow as for
the telescope opties, we obtain, for a polyethylene window with

-

a thickness of 100 p, an emissgivity of about 0.05 ¢

(€21 075 aof

Tfor sufficiently small values of. d, €p = 0.5.mm *)}. The
window can, ‘if riecessary, be cooled so that its [lux density

is reduced according to

m/2’0) a/cm sr.)

For the case where the window is not cooled below the surrounding
temperature, the entire flux density is given by: /8

VP £ PR PR T el 72 /
1t is possibkble thét, from this, such large fluxes at the detector
will result so that it becomes overcontrolled In this case,

measurenents cannot be carried out and the detector has to be

exchanged or the system solld angle range must be reduced 'Ifﬂ
the fluxes are w1th1n perm1551ble values, then it is p0581b1e
to eliminate them by differencing between two measured values

. tes e

(it is questionable what the accuracy of this will be). On the
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other hand, the photon noise of thisrradiation cannot be
eliminated. For black body radiation, the normalized noise

power (see 2.4.3) is given by

oiNER. =

: ?  3‘ ﬂij 22 i
Ny A’= /*Fﬂzk?"j : ) (i.6)
If all radliaters. are athBOO'K} we have:

WP = [AQ € 40 o2y [ (4.7).

The magnitude of these fluxes and noise power levels at the _
detector. depends on the teleScépe'sgiid/&ngig;pgggé_@hich7will/;

be found from the developments given in the next section.

h.,2. Optical System

4.2.1.  The given variables

Firgt of all, only the dinmensiong of the main mirror and

the lamella grid are specified{
i

The main mirror has a diameter of 1 m and an aperture
ratio of £/2. The mirror area ‘was selected as large as possible
in order to obfain the optimum .radiation flui”from interstellar
sources., A larger mirror would have made the telescope too
large and heavy, which would have had a detrimental influence
on the aligning accuracy [1]. {In order to make the length
and, therefore, the moment of ﬁnertia of the telescope small,
we selected the short focal length of 2 m; Originally the
aperture ratio was to have been /1.5, but because of the
aberrations which oc¢cur in conjunction with the rocking mirror,
'_,tnismlethoudistortions of'theiwave'fronts which were.too. large

after the secondary mirror (see below). Also, the correction of
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‘the field of view becomes too involved. Since the rocking /84
mirror will image various regiénS'of the sky on the detector,

the main mirror must be corrected for a larger field of view

" than would correspond to the vision angle of the -detector. The

main mirror is corrected over a field of .10', whereas the range
imaged onto the detector has a dlameter of 1' .(this approximately
corresponds -to a refraction limitation at 200 u of 1.22 T A/D =
2.44 - 107 rad = 0.841).

The dimensioning of the lamella grid is justified in Section
3.5. Here again we should mention the fact that the edge length
of the optieally active area is 10 ¢m and the beam divergence
at the grid should not exceed 10" by much.

The remaining. optical elements of the instrument must now
be defined. Two solutions can be considered for. the balloon
“reXxperiment: - a Gregory and a Gassegrain system.

4.2.2. The Gregory system

Figure 23 shows onekpossiﬁle configuration for. the Gregory
system. The parabolic secondaﬁy mirror is the rocking mirror
and is arranged so that its focal point coincides with that of
the main mirror. Therefore, there.is 'an’ intermediate inmaging
between the main mirror and the secondary mirror, which makes
it possible td adjust the optical components of the telescope
relatively. simplyiandasthisican be”used=foralimiting the field
of view. The latter is-'done using a slit diaphragm for which
the width d corresponds to the ﬁiameter of the image. The 1ength
. must be at least large enough&so that ‘it jwill pass; 'h,“ffﬂ' ,_;
an angular range of 10! on the sky, which is being scanned by
‘tHE Motion of the mirror. For & field of view diameber of 26 =
1', we have: '
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Figure 23. Gregory system Ior the IR experiment.
1- main mirror D, = 100 cm, £, = 200 em; 2- secondary mirror
D = 10 em, £, = 20 em; 3- lamella grid; U— collimator system;

5— detector.
PR o b
;_d ;,ngf = 0,58am ;. and ;1% 5,8mm .

The actual dimensions should be scomewhat larger so that the e=dge

of the diaphragm is not imaged onto the detector. The slit

diaphragm is installed so that 1t is perpendicular to the
lamella structure of the grid. Its purpose is to prevent & . °
the spectra of higher order from sky reglons lying outside of

the desired field of view from being imaged onto}%he detector as

this would disturb fthe modulatlon (Thls is only important
Therefore,

when the sources are larger than the field of view.)
we obtaln the following picture in the detector plane (Figure

24).

Because of the motlon of the rocking mirror, the strips
wander up and down by a maximum of iS';'sdfthat the ﬁ@fﬁous aﬁeaaf

of the sky are imaged on the detector,
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Figure 24. Image of the slit diaphragm in the detector plane
for A = 48.2 u.

@1 - direction of grid structure. The coordinates refer to ﬁ
the points of the Intermediate image, as seen from the mailn
mirror.

The instrument operates optimally as long as the ray
divergence at the grid corresponding to the image diameter
does not exceed the limits given in Section 3.2 by much, that
is, when the given grid dimensions do not become greater than
10'. This requirement can be satisfied if, for an image
diameter of 1', the angle amplification is not greater than 10.
' In the case of the Gregory system, this is given by:

_Qaén_ _,... ) o
55 ~.f1(f2 -.10 ,/

J /(_/ -
For fi1 = 200 cm, it follows that £, = 20 ecm. On the other hand,
the dlameter of the secondary mirror eguals the edge length of

the grid:
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. Thé épértufe-fatio, therefore,fis /2 for the secondary mirror.

Now the rocking mirror should not be moved around the focal
point, as will bé.required for exact optical imaging, but instead,
it should perform rotational oscilllations around ah axis which
1s close to its center of gravity. (The motions around an axis
very far removed from the centef of gravity can only be performed
with great difficulty, especially at high frequencies.) The
aberrations céused by simple ro%ation should not produce any
phase differences‘greater than AM/10'= 2 ¥ in order to not dis-—

turb the coherence of the incoming radiation. According to a
communication of Zeiss, the aperture ratio must remain smaller
than f/2. Therefore, the maximum aperture ratio for the
telescope optics is specifiéd;-;The 10 em mirror with £/2 can
be built.

The deflection of the rocking mirror is a maximum of #25' =
+0.36 mm linear deflection at the edge of the mirror. If this
motioﬁ iz to occur with an accu%acy of +10% of the field of view,
that is, with *0.5', then the final position of the mirror nmust

be defined to within *7 p at its edge. /87

‘After reflection at the!lamella grid, the frontal surface
of which is docated about 80 cm behind the maln mirror, the
radiation 1s focused onto the detector crystal by a collimator
system. As already mentioned, fhe noise power of the detector
becomes smaller as its area 1s decreased. For this reason, the
image should be made as small as possible. The linear image
diameter is given by:______ ;

Dpgy = BOL /T, (4.8)

i
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" One problem occurs because of.the size of theqﬁgﬁgfj]which
makes it necessary to take the focal point of the éaiiiﬁétor
out of the 1ncoming ray bundle; This requirement is difficult
to reconcile with the'requireméntﬁfQP“a*small”image and,
therefore, a small fi. S8ince ﬁhese difficulties also cccur

for the Cassegrain system, we will discuss them in more detail

later on (Figure 23 shows a Newton telescope as the collimator

system).

1.2.3. The Cassegrain system

fn alternate solution is the Cassegrain system :(Figure 25).

Here again, the secondary mirror is hyperbolic and is the
rocking mirror and one of its focal points again coincides

with that 6fi the main mirror. The secondary mirror, this tTime,
i1s located in front of the focal point of the main mirror and
' “pProduces a convergent ‘light bundle whichis focused onto the
second focal plane.  The effective focal length of the systen
is:

1
1

RS N (-9

e

The selection of fp and Dg-is not as restrlictive as for
the Gregory system. Dg = 10 bﬁ is again.a favorable. solution
because, on the one hénd, the éhadowing of 'the maln mirror is
< not yet very great (1%) and, on the other hand, the distance of
1.8 m:from the main mirror repﬂesents a relatively small. con-
struction length for the telescope., If we select f, = 1.6 m;,
in order to not make the overall length of the balioon‘gondola
gxcessively‘large, which is determined by 2f: (distance between

 secondary mirror 2 — collimator mirror 3 in Figure 25), then

the image will still lie wlthin the telescope, 20 ecm ahead of
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Figure 25. Cassegrain system for the IR experiment.

1- main mirror, D; = 100 cm, f; = 200 cm; 2~ secondary mirror,
Dz = 10 em, £, = 160 cm; 3- collimator mirror, D3 = 10 cm,

fa = 160 cm, 5° off-axlis; U4- lamella grid; 65— collimator, Ds =
12 cm, f5 = 120 em; 6~ detector.

the main mirror, At this point, it is possible to install a
diaphragm which reflects on the back:side. The imaging with
mirrors leads to low emissivity. Or one can install a diaphragm
made of dichroic material, which lets vislble 1light pass through,
but which absorbs the IR radiation (in the case of a dichroic
mirror, which is located just ahead of the detector crystal,

the visible light can be separated from tEe IR radiation and can
be used for adjusting the instrument). In both cases, the
diaphragm would be arranged in a tube and would separate the
chamber located behind the main mirror from the spacé.

No s1it diaphragm is required for this system, because the
rocking mirror is located in front of the intermediate image.
The main purpose of the diaphragm is to prevent the imaging of
spectra of higher order onto the detector for areas in the sky
which are outside of the field of view. With the assumed data,
the effective focal length of the felescope is 10 m, so that the /89

image size for a field of view of 26 = 1' 1s given by

“i = ieda : 4 ,_{5..';11?5 / (Ur .10 )
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The diaphragm again should have a somewhat larger diameter so
that 1ts edges are not imaged onto the detector,

The motion of the rockingumirror'has.the same amplitude
and tolerances as in the case of the Gregory system.-

Since the secondary mirror, as well as the grid, has a
diameter of 10 cm, a parabollic mirror with the same diameter with
F/16 must be arranged symmetrically with respect to the diaphragm
which illuminates the grid. Since the grid must be installed
behind the ray . beam, which‘illﬁminates-this‘mirror, an off-
axls mirror must be used. The off-axis angle for.-a distance
of 50 cm between the frontal surface of ‘the mirror and the grid
must be at least 28 = arctan (10cm/%0em) = 6.34°., Because of
the oblique grinding of the laﬁella,‘we select 28 =.10°. For
these parameters.(f/16, 18°), the phase difference caused by
“aberration still .is below the tolerance levelirand, therefore,
does not disturb the coherence of the radiation .impinging on.
the grid. i
| ,

The ray divergence at the grid is given by
2% =8 ~208K =2 |

for 26 = 1! and, therefore, is?in.the range which. corresponds
to a very good modulation for the grid.

The image diameter at the 'detector, in this case, ist
- i B
DDet = 29D1f /D2 . . (4.11)

if £y is the focal length of.tﬁe collimator system.

i
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-4, 2.%,  Comparison of the two systems

The Gregory system has the advantage that 1t requires one
less ground mirrbr surface than the Cassegrain system. The
intermediate image after the main mirror somewhat facilitates
the adjustment of the optical‘éomponents. Since it is very
small (0.5 mm #), a chopper system in the form of : tunlngj

fork could be used for absolute flux measurenents (atmospheric

measurement ).

The main advantage of the Cassegrain system is the favor-
able moment .of inertla of the telescope (for about the same
length of both systems, the weight distribution of it. is more
favorable). The larger intermediate image allows a simpler
adjustment of the diaphragm. = It separates the telescope from
_the 'instrument chamber" located “pehind the main mirror, which
'would make it ‘possible to cool 'the chamber with nitrogen and
down to a temperature of about {70° K. The small diaphragm
aperture of about 5 mm prevents, to a significant extent,
the convective heat exchange aﬂd the diffusicn of gases from
the atmosphere (for example, H{O) 1f the thermal radiation.
of the DewaPJW1ndow can be ignored, which is the case for the
b o polyeﬁﬁ}lene foll used by Low then the photon noise is
reduced by about 30% by doing phls. The method would, there-
fore, not be advantageous if oﬂe were to consider the diffi-
culties for the motlon of the 1@mella‘grid'caused.by~the low
temperature.(1ubrication,'therﬁa1‘insulation of the motor). If
the Aﬁé_w_ér'—?'windowis relatively thick (d = 0.1 mm, € = 0.05),
theﬁ‘tﬁérbhoton nolse would be reduced by more than 60%, which
means that the cooling looks favorable.“‘However;'we did not
consider the fact that one partjof fhe thermal radiation of. the
Instrument chamber, for example:'from the Holders and from the
edges of the mirrors and of the 1amella grld also reaches the

I
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‘detector. .If this radiation makes a major contribution to the

total flux, then cooling will éertainly be appropriate. Another
advantage of the Cassegrain system is that the ray diameter can

be relativelyfeasily‘varied“atﬂthe“dispersion'element by exchan-
ging the collimator mirror. Therefore, -1t can be adapted to

various Instruments. In the case of the Gregory system, it would

be necessary to exchange the rocking mirror. Since this mirror /91
is corrected, together with the main mirror, this is not a

trivial matter. For the Cassegrain system, there is also the
advantage that the mechanical étability'and the adjustability

is somewhat better than for the Gregory system.

Overall, none .of the advaﬁtages of either system are great
enough to favor either one of them. Both are equally suited
for the IR experiment. '

e ' 4.2.5. The adjustment ‘of the deteetor to the
“telesgcope opfics

We already mentioned that the adaptation of the detector
to the telescope presents some problems, independent-of the
selection of the telescope system. We will now discuss these.

The ray divergence at the 'grid amonts to the following for

either the Gregory system or the Cassegrain system:
2% = 10.20 . |

Therefore, the problem of adapﬁing the detéctor to the instru-
ment is the same for both systems. The diameter of the colli-
mator mirror is 12 cm, according to Section 3.5. It is difficult”
to select a suitable focal 1ength'fk“which'defines the'image
size, or for a given detector diameter, the’ fleld of view, in

terms of the following relationship

,‘ =~ o1 L(4.12)
Dpet = 2@ '1_0_‘. g
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This is only correct for
o T : o
- 20 >~ 1,22-£3/D1 = 2,44°10 4rad 2 0,84".

For smaller fields of view, the image size is determined by
the diameter of the refractionfdisc. For optimum operation,
the image size should equal thé detector size and both should
havé the same diameter, just_like the refraction disc at the

maximum wavelength.

|
[

The focal length £, and the field of view diameter 26 can
be varied within certain limits. The diameter of the detecfor
is fixed, filrst of all, because the first detectors have been
bought. (As soon as a few detectors are available, their size

can be adapted to the requirements.)}

The detector required for the experiment must absorb radi-
‘ation from the wavelength range bétween 20 and 200 p with a’” ~
good effectiveness, and must be able to detect it. The eigen

noise should be 107 *® to 107'* W/¥Hz at the most. In addition,

the interferogram point should!be obtainable in 100 msec in
order to make possible the recording of an interferogram con-

taining about 10" points in a reasonable amount of time. These

requirements can only be satisfled at the present time with
bolometers cooled with helilum. The best available instruments
of this type are made by F. Loﬁ. One of his bolometers will
be used in the first experiments. The following table gives
its data: | |

i
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Area A (em?) . 0.001 0.01 0.1

Working temperature TD (°K}) - 1.5 2.0 4,2

Heat conduction value G (W/°K)» 1 " 1077 1 °10°° 5 ° 107"

Resistance Ry (&) .7 ° 10° 5 ' 10° 1 108
P : . - 3 5 3

Sensitivity Smax_CV/wl : 4 10 3.5 10 5 10 |

Time constant (s) 8 1073 1.5 * 1072 1.5 * 107°

Modulation frequency fo, (Hz) = 20 10 100

Noise (nV//EZ) . 30 10 7

NEP (W//Hz) o7 " 107FS 3 v o107* 1.4 ¢ 10T RE

First of all, we are only interested in the crystal dimen-
sion. TIts edge length {(they are square) 1is as follows in the

order o# detectors given above:
0.32 1.0° 3.2 mm.

- The Tirst of these detectors is not well suited for the IR
experiment, because 1ts dimensions are of the same order of /93
magniltude as the maximum wavelength, which would lead to high
losses based on refraction effects and to a low absorption
capacity for the maximum wavelengths. In addition, the image
diameter cannot be easily reduced to the detector diameter.

(fy, = 11 cm would be required for this, which would mean an

aperture ratioc of £/0.9 for a 12 em mirror.)

The third detector can be:eliminated because its noise
power is too large. The measurement time for typical inter-
stellar sources would become intolerably large, if a reasonable
s/n ratio is to be produced.

Therefore, we only have the detector with an edge length
of 1 'mm. If we set the image diameter {that 15, its edge length)
egual to twice the half-width velue of the small refraction disc‘
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fggﬂﬁdi 200 u; then for the longest useful foecal 1ength of the
collimator system, we obtain:

. B - T - b .-
£, = Dy /2,447107

A ®, Atem . S (4.3)

The system operates at the maximum wavelength with limited
refraction and the field of viéw diameter is 0.84r,

1
1

The following points must;be considered when selecting
the collimator focal length:

i) The maximum focal length should not be expdoited,
because at this value, the refraction losses become large 1n

the region of large wavelengthsg.
1

i1) The achievable stability in time and space of the
telescope alignment means that a field of view diameter of le§s

than 1' does not make sense.-

ii1) If the fleld of view idiameter is made considerably
larger than 1', then it is larger than the dimensions of most

sources, and therefore, only the radiation load of the detector

is increased, buft not the flux from the interstellar source.

iv) There is a vacuum in 'the Dewar|of the detector and,

/94

thefefore, thg inlet opening is closed with a relyethylene window.

This leads to wvarious problemsﬂ
|

1

al If the window is war@, then the detector should be as
far away from 1t as possible, so0 that it is seen under small
angles and the flux from thermdl radiation of the window is
small. The angle under which ﬂhe window is seen from the

detector should not exceed 20°, so that an aperture ratio of
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t

£/2.8 or £, = 3% cm and 26 = 1:0' follows.

b) Since the window has an index of refraction different
from 1, part of the incomihg radiation 1s reflected, and to an
increasing extent, when the incident angle inecreases. If the
window consists of polyethylené, then n = 1.5 and for an
incidence angle of 10°, 3.8% of the radiation polarized parallel
to the inecident plane.isi reflécted, and 4.2% of the radiation
perpendiculafxto the incident ﬁlane. These losses are not

especially large and could be accepted.

c) The rddiation passed through experiences a phase
displécement at the window which has an effect on the dnter-
ference at the detector. The phase difference between two
rays, one of which impinges on the detector pefpendicular to
i1t and the other which implnges at the angle o, 1s greater by

"Aan amount

L P . —— - - B A -

e '-=4d‘(co_5'x" . ;;5’ — (ﬁ //) (faf?;é‘ z‘an%) _r‘:ﬁsﬂ) / :

JL AR . . . e

than Tor propagation through a homogeneous medium with the
index of refraction 1, for the cage where the window has thick-
ness d and index of refraction;n along the ray path. (x is
determined by the refraction law sin w=n ~ siny.) For n =
1.5 and @ = 10°, we find |

A= d-5,1-107,
that is, for d = 1 mm : A = 5.1 p. This displacement can
noticeably disturb the interfefence'figure under some conditions.
Therefore, d should be made as:small as possible. This is -
possible by reducing the window thickness. FPolyethylene foils iVQ

P

“with a thickness of @ = 0.1 mm can be produced without diffi-
culty and can withstand the préssuré difference of 1 atm. For
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' such éaseé, A is about 0.5 Y for an incidence ahgle of_lop and

is, therefore, no longer critical.

V) The "detector is 1n a- Dewar wi@h.a diameter of about
17 c¢m. This vessel cannot be brougﬁt iﬂto?the ray path of the
radiation impinging on the coliimator, as already mentioned.
Therefore the focal point of the collimator must be taken out
of the path of the incoming radiation either using a flat mirror
(Newton teleécbpe) or an off-axis mirror, or a combination of
both.

The use of an off-axis mirror leads to aberrations for
the largest aperture ratios, which can considerably disturb
the phase relationships of the;rays golng to the detector and,
therefore, can disturb the interference. According to a
communication by Zeiss, for-a £/4.5 system with 34° off-axis

~angle, 10 em diameter, and EO'Zradiation divergence of the
ineoming radiation, the phase difference between edge rays
having the maximum inclination with respect to the axis of the
ray bundle amcunts to 10 n. 'Fdr a wavelength of 20 p, the
phase relationships of the reflected beams would be disturbed
to an intolerable extent. In addition, for the aperture'ratio

given, the foecal length is alréady greater than allowed according

to Equatfion (4.13). The aperture ratio would therefore have to
be enlarged, which again would lead to greater aberrations.
This solution can therefore not! be used for the experiment.

A Newton system as collimétor has a disadvantage that the
deflection mirror willl shield sbme of ‘the incoming radiation.
For a £/2 system, the shading amounts to 25% of the flux coming
from the‘grid and it is 10% foria‘f/B system, if the collimator
WIrFSr 15 12 .em and the focal point is 4.5¢cm outside of the
incoming radiation bundle. Therefore, the Newton telescope is
~also.not . optimal.
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VM“Thus;‘ﬁéAhave arrived at ﬁhe following sitﬁation: the
size of the field of view and the geometry of the Dewar}reguire
that f, = 35 em or £/2.9. For;tbis aperture ratio, ﬁe are;not
able to use any off-axis systems as collimators, because the
required off-axis angle would lead to large aberrations. It
would still be possible to use ,a Newton telescope, but we have
a light loss of at least 10%. fOne,way out of this is to use
the suggestion of F. Low. A stiall off-axis mirror with a «‘f.un
diameter of 3.5 mm, £/2.4, and 8° off-axis angle is installed
in the_ggﬂéﬂ, which focuses the radiation from the cellimator
onto the detector. The system is designed so that down to
15 u, it still has limited refraction. For a ray divergence
at the grid,of'EwG = 10', this arrangement would result in a

collimator focal length of

. f, = 0,55cm/2% = 120cm -

This corresponds Lo an aperture ratio of £/10 and makes it
possible to use an off-axis mirror as.a collimator system with
an off-axis angle between 5 and 10°. Such an arrangement is

given in Flgure 25. !

The data of this detector;afe the following:

Edge length , : 0.7 mm

Temperature ‘ 1.5 K _

Heat conduction coefficient G =1.0 " 1078 W/°K
Optimum modulation frequency + fao = 40 Hz

Normalized noise power . NEP = 3 " 107 w/VEzZ
Maximum sensitivity Sy, = 67 10% V/W.
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Hor the optical structure 'of the experiment, the detector
suggested by Low is better suited than the 1 .mm. detector.

However, the load capacity and;the‘modulationrfrequency are very /97
important*heré; as well as théfSensitivity 6f1£ﬁé”detectors.

4.,3. Detector

h.3.1. Radiatidn'and‘noiseipOwETSﬁiHJthe detector

Since the field of view of the telescope and the expected
radiation intensities are appreximately known, it is possible to
determine the fluxes and noise powers ‘in the detector.

For 26 = 1', the solid angle range of the system is:
A - .
E=(p, e_-,’ff/z)z ;,5,-2--10'4cm25r . / ;

“The source intensities estimated .in 4.1 lie within the range
of 1071% £o 107*Y W/em? sr from one line.  If the source
dlameter is at least equal to 26, then the fluxes from one
line (which reach the detector for the transmission 1 of the
total system) equal: . '

B, ~'5-1071% bis 5107 % J

A

The atmosphere produces .the foliowing per line

10 |

ﬂ%p ﬁ" 2'5 '10-

or, on an integral basis,

B, 2,510 W \}
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The flux from the five reflecting surfaces. of the telescope

1s the following for T = 230° K and e % 0.0L:

ﬁsp W/ 1: 10 ¥ ..,
The window at the Dewar/producés the same amount., Therefore,

we have the following for the photon noige of the total flux:

r"-NE'P . o= 6 ,1¢ 10 “WVHz.’

:,,At+$p+Fe

9

without using:optical filters.f If a fllter is used which

absorbs radiation X $ 20 n, then we have.

- NEi -14
;,’?E?Atefspme _ 3 1 1° W/ .|

The smallest signal which can be detected 1s 10* to 10° times
weaker than the perturbation radiation of an atmospheric line

and is 10% to 1087 times smaller than the total radiation flux.
. from the atmosphere. It is 107 to 10° times smaller than the

flux from all perturbation Padietlon seurces; ‘This ratio can

be changed within narvow Iimits only. One way.of reducing the

fiux would be to reduce'the‘field of view, which would make n

O

sense because of the refraction effect. The radiation from the

telescope optics can be considerably reduced by cooling the

instrument to 70° K. The radiation from the atmosphere can only

be reduced by large flight altitudes, but for balloons, thig

altitude cannot exceed 50 km;fLWe'havefgeined a factor of 10

compared to the values used here. (the valueg used up to the
present apply for an altitude of 35 km). - The detector would

therefore have to process the fluxes just estimated. Therefore,

we must ask ourselves how this 'detector must be structured.

4,3.2. Characteristic dimensions of the detector

The properties of the bolometer are determlned by volume

temperature, and material of the detector crystal. Low gives the

" following empirical relationships for his detectors [24]:

3>
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) Optlmum modulation frequency L -

i‘o- 1,6-10% G/(AT [Hz] \ Gy
Maximum sensitivity ‘
Saae O @ROVIIAT [ s
Normalized noise power i |
o NER ;—."1,5-1.1_0'3'_1_- Tg,?_ /2 [ﬁ/yﬁ?].‘ | (4.16)

In order for the detector .to be able to process the maximum
flux E&;\of the perturbation radiation, we must also have [24]:

Here we have (@ — heat capcity [W/°K] A — absorbing area of

" the detecter [em®]; T. — working temperature . of the detector

D

[°Ki3; R — resistance of the detector crystal [Q];. ' muvflux

.J'é

of perturbation radiation [W]. .

Only the area A and the résistance R are determined by the .
detector crystal. The temperature is defined by the cooiing
bath and the heat conductivitygthrough,the suspension of the
crystal. G and TD can, therefqre, be relatively easily changed.

; ‘

From (4.14) to (4.17), we !can .derive two other relationships /99
which will be interesting for ﬁpecifying.the detector. One of
these follows from (U.17) and the relationship between the radi-
atlon flux and the photon noisé. The latter relationship is
as follows in the case where a body with frequency-dependent
cemlssivity-produces the flux égzat the temperature-T:--_*~7-~'

;NEPSt‘='(%kf?st
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This relationship is solved for gﬁgjand is substituted in the
inequality (4.17) '

G = 10.NEP 2 i. .
'G = 10NEP_ =/(4k-T_, -T

D-c)./ with{bls‘c-é‘il

-~

A

By substituting in (#.16)}, we find

. | i .
NEP = G,4t__z:§§:j-NEPst . ) S (4.18)

In an optimum'design of the deﬁector,.G will be made as small as
possible in order to hold the nolse level as low as possible.

On the other hand, (4.17) must also be satisfied whichuresults
in a lower 1limit for G. By selecting ¢ = 1, i.e,, by going from
the inequaiity to an equation, we therefore find the optimum
solution. In this case, there'is a definite relationship between
fthe normalized noise power 1evé1 of the detector and the radi-

__ation source, because the arbitrarily selectable constant (4.18)

is specified. PFPor TD = 2° K and T = 230° X, and with ¢ = 1,
we ilnd: '

NEP aago;e.ﬁﬁhst ='3;6¢1b'14'W/vnz’4
where . !
NEP = 6,1 10”1 WAz
;,,ﬁ.st'\ v sw MY
(for Ty = 1.5° K, we have é
oy = 5,1 1071 v )
‘ N

If the NEP of the detector is equal ‘to this value, or is
greater than this value, then ﬁhe inequality is also satisfied
and the detector is not OVercoﬁtrolled by the perturbation
radiation. This 1s no longer satisfied for the 1 mm detector

at Ty .= 2° K., For the 0.7 mm detector with Ty = 1.5%.K, the. . .

inequality 1s only satisfied if a filter is installed ahead

_ of the detector, which absorbs the radiatiqn}with¢$§$f_QOE'A.
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@fdﬁ tﬁé fact that G must%be adapted to the nadiation‘ioad
and it is related to the photon noise, in the present case, it
follows that for the given detector temperature, the noise power /100
levels of the background radlatlonznuithe detector are approxi-
mately the sanme.
|
By eliminating G from (ﬁ,iﬂ)-and (4,.16), we find the

second important relationsbip:}

NEP %/t = '1,4-1072% ‘.A'-"l‘Ds [wom2].1 (4.19)
For fixed temperature and given detector crystal, this wvalue is
constant. By changing the heat conductivity coefficient G,
that iébe modifying the suspension of the crystal, we can
therefore vary NEP and fO within certain limits without having

__to carry out changes on the thector'crystal itself.
This faect is important beéause of the follow1ng The data

of the 0.7 mm detector show that 1ts NEP, which is- 3 10 14 U/VEE:L

is very good, whereas the time ‘constant of 1 = 4 msee is

relatively large and the modulation frequency of fO = 40 Hz

is relatively low, which leads to long transient times (it is

assumed that the preamplifier has the same time constant as the

detector). ‘A shorter transienf time would be advantageous

here as well. as a larger NEP [fhe radiation load of the detector

could be made 1arger, which seems desirable con51der1ng the fact

that inequality (4,17) is not satisfied].

The transient time can be determinéd as follows:; the
detector operates in conjunction with an alternating voltage
~amplifier so that only the change in the radiation flux is_ .. .
recorded. The sensitivity is greatest when this change is
carried out with the optimum moﬁulation frequency fo. If the
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lamella gfid.is adjusted to the phase difference z, and if the
rocking mirror oscillates at the frequency fO? then the change

in the flux during this motioniis recorded, that is, the signal /101
of the source is“feéorded. If the phase difference is changed
at the lémella.grid, then the flux at the background and source'
radiation will also vary at the detector. Since the former is
much greater than the 1étter, this displacement brings about a
much,greater flux change than by modulation with the motion of
the rocking mirror. The detecﬁor must then adjust to a new
value of the constant flux. The measurement must be interrupted
until the signal change related to this transient process 1s
smaller atcthe amplifier output than the one produced by the
direction modulation (motion of the rocking mirror). This
transient time is determined bj'the detector time constant and

the ratio of source flux and béckground flux.

For a certaln grid positioh,'let us assume that the flu%'
absorbed by the detector is given by
B + B f;os_(ze;f‘foi;)‘ + 4 Ve o /

(1f the rocking mirror carries ‘out harmenic oscillations, which
is assumed here for simplicityﬁ. The signal at the preamplifier
cutput 1s then proportional to . :

& cos(2ret) + 1)/2,

Now, let us assume that the phése difference and, therefore, '
the fluxes are changed, and théy are not equal tor@gfam@.gﬁgf,
respectively. The signal is tden approximately proportional

to

f&&ﬂ;f;ﬁzy)“é;é@T4*Z{CQSC2WZ%)?;Zf“ﬁzﬂdé./
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j—

fiféf téfm describes the tfansient behavior‘of4the-sysfem‘
consisting of detector and preamplifier. (The change of the
source flux is not considered for the transient process, because
it is much smaller than the change in the background flux.)
After £he above estimates, on the average, the radiation of the
source is 10°% times smaller thdn that of the entire background.
Measurements only make sense if the first term changes relatively
less than the second term'duriﬂg a mirror oscillation. The /102
second expression -can change by ﬁﬂ&}at the most. The first term
during a mirror oscillation (tj= i/fo) decreases by

S = Bl (e e G L ) 0 (TR
Now if this change is no;\to be any smaller than 0,1 'éﬁi[, then

we have

s st S e ) m a3

b ! I} : /f .
o L R ¥ & o4
"I'ér low detectors, we have fOT_=,DL15 and the term%{i - e -kQ;}J

¢can be'replaced‘ﬁy-l to a good degree of -approximation:

By - By) e g
The remainder of the calculation depends greatly on the
difference (&'~ &y ), which follows from the characteristic
variation of an interferogram (Figure 26).

f
|

Such interferograms are ob%ained.for black body radiation,
such as is emitted by the dominhting perturbation source, the
telescope optics. ‘Its malin characteristic . is a decrease in the
- modulation, according to l/x2 [Pl].,-Therefore;,large changes
in the radiation‘flux.only‘occu?'for smalllphase differences.¥

®That is, at the beginnfﬁg?of the interferogrém,

!
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Figure 26,

For the spectral range to be precessed in the IR experiment,
the flux variations for the firnst hundred grid steps amount to
m‘aﬁproximately 10% of the maximqm:value of the interferogram
and they will probably even befless than 1% for very large

phase differences. Therefore,;we must disfingulish two cases: /103
1) In the vieinity of the maximum of the interfercgram,
that is,jaround x = 0, we have

RS-z )= 0,17,

wherejﬁij‘iS'thé average flux df"the background. With
4 - |

0T F

IRl =

we then have

01 Bz T - 0T

. and, therefore, we find:

om0 o tmme ] (L20)
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11) For large phase differences, we find
(&~ &) < 0,018y |

and, therefore, =~ . L

’ C T e— P ' Y —
007 By e ﬁ%.‘”'ﬂ?'qﬂrﬁh”'j
. 0 - . . _ . !
from which we find:

|
For the 0.7 mm detector, we find 56 msec in the first case and ‘I

46 msec in the second case for the transient time. Now an
interferogram should be obtainable in not more than 30 minutes,
which means about 100 msec of'measurement time per interferogran
point (16,000tpoints)i- iThis would mean that half of the
measurement time would be used as waiting time. Therefore, we

_n_must decide whether the optimum modulatlon frequency should not

be increased at the expense of the NEP, which is possible, ,
according to (4.19}. ¥For the 0.7 mm detector, this relationship
is given by ) : |

; NEP2/fOt: 2;25°i°_29A‘w/H‘)21'}
If we select fD = 100 Hz and, therefore, T = 1.5 msec, then we

find the following for the noiée power of the detector:

-”NEP = 4,8:107 ~14 WV: .

This noise power is gquite acceptable and in this way, the
transient time is reduced by a.factor of 2.5 and, therefore,
only 20% of the time is lost fdr the transient process. At the
same time, the NEP becomes so large that the inequality (4.17)
is then also satisfied when no filters are placed in the bheam
copaths e
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One disadvantage of the high modulation frequency is that .
the directional modulation of the flux can no longer occur

using rectangular mirror osciliations, as was the case for 40 Hz.

Instead, harmonic oscillations ‘are required.for which, again,
part of the measurement time is lost for the motion process
{gee Section 5.1.2). Thus, the effectiveness, i.e., the ratio
of the integration time pef.mi#ror"oscillation to the duration
of the mirror oscillation, is about 0.5 for rectangular oscil-
lations (the reference measurement at the atmosphere is not
included}.” For harmonic osciliations, this amounts to 0.3 in
the most favorable case. Now for 'a measurement . time. of 100 msec
per interferogram point, the useful time when using the 40 Hz
detector is about 50 msec. If*the effectiveness is . zel equal
to 0.5, then 25 msec remains for pure integration time. For a

modulation frequency of 100 Hz, 80 msec of useful time remains

so that 24 msec of pure integration time remains for an effect-

" iveness of 0.3.

By increasing the modulation frequency, it was possible to
reduce the walting time but the higher effectiveness of the
rectangular osclillation of a rdcking mirror with an.oscillation
frequency of 40 Hz equalizes ﬁhis gain again. Only if the
mirror could earry out 100 Hz rectangular oscillations could
one bring about a better exploitation of the measurement time
by increasing -the modulation frequency.

§.,3.3. - The signals‘étrthe outputfofﬁthe”pfeamplifier

The maximum sensitivity of ‘a 0.7 mm detector is 4.3 * 10°

V/W for fD = 40 Hz and 2.7 " 10°%° .V/W for fo =-100 Hz. The

camplification. factor of the prdamplifier is 1031‘»F0r~&wtypical
flux per line of an interstellar source, the signal at the

/104

. output of the preamplifier (for S = 4.3 ~ 10° V/W) amounts to: .
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5 = 107 %0 a,5010%/010% = 4,50107% v }
Voltages of fthis order of magnitude must at least be defectable

if the radiation of the interstellar Sources'is/'tO'be7deter-~ /105
mined. - In contrast to this, the'average‘flux-of'the background
(atmosphere .plus telescope optics) amounts to 1077 W, which

results in the following average signal -if one uses a direct

voltage amplifier

Sy = '4,3v/

This means that the detedtoraﬂﬁithe preamplifier must operate
linearly ih a range of at least tén powers of six, and the
voltages must be measured to an.accuracy of more than six
décimals, if“the‘signal‘of*thE‘sourcé'is-to be separated from
the background. Even the best:digital voltmeters produce

. accuracies of a maximum of 100:ppm (for a 50-msec%intégration
)£ime1. In addition, their dynamicbrange does not suffice by
far., Therefore, an alternating voltagé amplifier is used wifh
which the constant background signal can be suppressed to a |
significant degree (for a fixe@ phase difference). "Right after
carrying out the grid step, voltages of ‘the order of 0.1 V '
occur, at least in the vicinity of the central maximum of the
interferogram. As long as theisignaIS'are present, 4t 1is not
possible to make measurements.

In spite‘of the fact thatian alternating-voltage'amplifier
1s used, 'the measurement cannot. be directly carried out with a
‘digital voltmeter, because the measurement frequency is too |
~great for the required accuracy. .Instead, a lock=in amplifier
~is used which, at the same timé,varms the average value over
_ several mirror oscillations. its output signal can then be
digitalized with sufficient acéuracy.
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- .3.4%. The s/n vatic for dominating detector noise.

'
!
'

For the case where the detector is the dominating noise
source, we can give some information on the s/n ratio in the

calculated spectrum.

According to 2.4.4, we have the follow1ng for a spectral
element which has the flux B): '

: ,_.; ; @ , V‘ /74!.‘l -
f'fyh.- - NEP zS.AP e /

T
o

If we set 79 = 10 1% w/ , NEP =3 ° 1071% y//HzZ, and Af = 10 Hz
. (the rec1procal of the measurement time of 100 ‘msec. per inter-

ferogram point), we flnd | : o

S zﬁ[*“__ﬁ .

 The measurement time required to achieve a certain s/n ratio
is

ety - (SR
In order to obtain .results which are statistically significant,
s/n should be at ‘least 3. For the detector with.ﬂbf=.uo Hz and -
NEP = 3 © 107" W/v/Hz and for the assumed source flux and
maximum effectiveness of 0.5, a measurement time of U405 seconds
G.=,1607Hz and NEP =
4.8 © 107'* w/vHz, the requirement measurement time is about

is required. For the detector with f

10% seconds, in order to achieve s/n .= 3. The flux for which
the s/n ratio just reaches this value after a measurement time
of 10% seconds and n = 0.5 is 1.27 ° 10~ Y%W in the Tirst case L
_andME:I,lﬂfEF;W in the second chsef Therefore, -for- a--specified -

i

measurement time and effectiveness, ‘a slower detector can detect
lines whlch are weaker by about a factor of 2 than 1f the faster i

one 18 u5ed
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Ef-fherfery fast but inseﬁsitive detector with NEP =
1.4 * 107'2 W//Ez is used, then for the same flux and maximum
effectiveness, as well as for Ehe amplification bandwidth of
Af = 1 Hz, the total measuremeﬁt'time'woald'have'to amount to
t = 24.5 hours in order to achieve s/n = 3. This detector

can, therefore, not be used fo# the balloon experiment.
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5. _ Execution of the Experiments . .. . . ~ /107

The previous discussion was restrieted to the dimensions
of the individual components of the IR felescope and of the
interferometer. Now we must determine the mode of operation
and operational frequency of the focking mirror and the lamella
grid. The decisions to be made influence the processing of the
megsurement data and, therefore, 1t is important to consider
the information flow of the experiment. In principle, it looks
like the following (Figure 27).

The interstellar source and the atmosphere radiate into
the telscope. Using a sultable method (see below), the source
-and background fluxes as well‘as the background flux alone are .

measured and compared with each other either simultaneously
(two-beam system) or in sequence (rocking mirror) for a definite
% position of the grid. The difference between two such measured
‘ values or an average value from several of these differences
produces & point in the ihterférogrém of the source, and the
second coordinate is determined by -the phase difference of
interfering rays and, thereforé; by the grid shift. If
necessary, the grid shift can 56 measured as well as the devi-
ation from the nominal value, in order to perform regulation or
- for correcting the measurementfvalues. The measured data must
. be digitalized and then communicated.via telemetry. They are
stored on the ground for later processing in a large computer.
However, we wish to have the capability of transforming part
of the interferogram points dufing the measurement in order to

~ ~have--an overview of the operation of-the instrument.--- - —----
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The timéhseqﬁence for the experiment is‘giﬁén by the"' B /108

foldowing time constants: ‘

Ti: time for recording an interferogram of one source

T2: effective measurement time (integration time) for an
interferogram i

T3: rocking mirror F

Ty 1ntegratlon time for one measurement point

Ts: optimum modulatlon pEPlOd of detector = l/fO

Tg¢: time constant of detector (1¢ = 0.15 Ts, empirical).

A If n is the effectiveness of the total system, that i%,the
ratio of the lIntegration time and measurement time per intgf-
ferogram point, and if the interferogram consists of N points
where each is defined as an average value ovepr M:idifferences

' 7of measured values, then we have the following relationships if

M' oscillations of the rocklng '‘mirror are required per interm
ferogram (M' >-M, because a few oscillations are included in
the transient time of the detector): ‘

v =’W/’Z’s, % =MMZ“ / R AN BENCRY

In order for the radiation to be modulated by the frequency fo,

we must also have:

%G = T — - (5.2)

Ts .and Ts and therefore Ts are;specified by the detector

seiection. N 1s therefaore detérmined by the required resolution,
as well as by the spectral range being investigated. M can be =
arbitrérily selected and should be large enough so that T does Y
’ Hpgp'gggggdﬂp,5>hours\conSideraBly. In this case, about . 10.....
spectra could be obtained per ﬂlight Congiderably longer 3
measurement times would reduce the data yield per fiight and

“therefore, the ratio of gain to expense would be reduced
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The quantity n depends on the motion of the rocking
mirror, as well as on the motion of the lamella grid and time
constant of the detector. The;exact relationship will be dis-
cussed.in the following. ' -

5.1. Difference Formatioﬁ among Measured Fluxes

5.151. ‘POSsibilitiesifOP,compensation'for

" atmospheric . radiation

The estimations in 4.3 have shown that the atmospheric
radiation produces fluXes per line whichAare ahout. four powers
of ten higher than those of the interstellar sources. This
means that a method must be found:in order to suppress the
atmospheric radiation with an accuracy of better than 10 *.

Two possibilities exist: ‘the two-beam method and the directional

" modulation with a rocking mirror.

The two-beam method uses two separate optical channels
which only have the main beam_dnd'a secondary beam in common.
Therefore, two dispersion elements and two detectors.are
required. Since the same sky regions are always imaged onto
the detectors, the effectiveness can be made greater than 0.5
if the modulation of the signalgat'the detector. is produced by
the motion of the interferomete% (rapid scan) [1]. ' The two
detectors can be 1nstalled in a; bridge circuit, so that the
measured signal 1is proportional@to the flux difference and
is, therefore, proportional to the flux of the interstellar

i
source.
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The disadvantage of the method is the fact that the two
optical channels will not behave the same with respect to the
incoming radiation with the required accuracy. The main
difficulty -is related to the détectofs, and their properties
probably will not remaln the same over long time pericods,

In order to make the boundary éonditions for thelr operation

as identical as possible, they would both have to be arranged

in a ‘Dewar!and, 1f possible, on the same substrate. If it is

then possibleﬁto electronicallj balance the bridge between the
fecording of two interferogramé (or at short intervals), then

we should be able to bring about the game behavior with respect

to radiation lead and with sufficient accuracy. For the time ‘
belng, such detectors are not available and, therefore, we must /110
use a rocking mirror in this ekperiment. It has the advantage ‘
that the same optical elements are used for all measurements

and only one detector is needed,. Since the time separation
“'between two measured values used to form the difference is

Hh0 msec at the most, we should not eipect that the properties

of the system would change in. this time enough to influence the
neasurement result. The measuﬁement of the .source and the
background is done 1In sequence 50 that the effectiveness of

the entire megsurement installétion is -smaller than 0.5, and

at least half of the measurement time is lost.

In the following, we onlyidiscuss the rocking mirror system
just as.in the previous discussion, as long as we do not explic-
itly mention the two-beam system. "However, we should always
keep in mind the fact that theftwo—beam method is the better

solution.
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_ problems mentioned. S "“ . . -

5.1.2. Rockingfmirrér

There are two possibilities for,mov;ng the rocklng mirror:
either it carries out rectangular tlpplng motions or. harmonic
osclllations. ‘-According to ‘4:2, the maximum deflection of the
mirror is 25! or 0.36 mm:at'itS'edge. The -oscillation. frequency
is between 10 and 100 Hz, depending on the medulation frequency
of the detector. : |

The oscillation mode of the mirror has a decisive influence
on the effectiveness of the system. I all other components of
the instrument were to operate in an ideal fashion, it could be
very close to the theoretical maximum value of 0.5 for the
Tipping motion because the motion phase can be made very small
compared with the rest phase. This is also.an advantage of
this type. of motion.¥*  However, the mirror cannot be ﬁoved at
'éﬁ arbitrary rate, because otherwise, strong shaking will oceur
when it is braked, which would;be transferred to the rigid frame
of the telescope and then to the detector. The detector is very /111
gsensitive to oscillations. In;this case, the beginning of the

"measurement ‘would have to be délayed long enough until these

oscillations  had| decayed, which gives'an upper -1imit. for the
frequency of théﬁmirror oscillations. HoweverJ these effects
should not be very noticeable dt'small amplitﬁdes. Greater
difficulties could occur if the mifror is induced to perform
eigen oscillations because of ﬁhe'wide;frequency'spectrum of
the rectangular oscillations. 'This would then deform its sur-
face more than could be allowed; These problems niust be inves-
tigated in experiments. Tipping oseillations with frequencies

above 50 Hz are probably out of the question because of the

3

¥The oscillation problems dlscussed have been lnvestlgated
by J. Stoecker.
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_”inh%hié‘range, the mirror?must carry ouf harmonic oscil-
lations. Since its velocity will then also be harmonic, no
pulses oceccur when it reVerseS-the direction of motion; instead
the momentum 'is cOntinuously’transferred to the tele;gbpe frame.
By installing a second mass oscillating the opposite way, the
momentum transfer to the teleséope frame can be significantly
reduced [1], so that barely any oscillation will reach the
detector. 'In addition, with this type of motion, there is only
one single well-defined frequency, and the transmission of this
frequency to the detector can be considerably reduced by suitably
selecting its suspension. In addition, the exéltation of the
eigen osclllations of the rocking mirror is|prevented as long
as the osecillation frequency is not closérfg the eigen frequency.
The motion can also be maintained with almost no energy supply,
if its frequency is somewhat below the resonant frequency of the
osclllating system, which is again 'an advantage, compared with

"the tipping oscillations.

When tipping oseillations are used, the measurements can
begin when the mirror is at rest and, therefore, the field of
view 1s unlquely defined. If the mirror carries out harmonic
oscillations, we must consider the -variation of the field of ‘
view during the measurement. it is advantageous for the mirror /112
to remain relatively long in tﬁe range of maximum deflection,
so that we can bring about a‘usable effectiveness. Tts value
depends greatiy on the relatiodship between the source diameter,
field of wview diameter, and déﬁlection of the mirror. For point
sources, it can even become O.ﬁ-(for sufficiently small wave-
lengths). In Appendix C, we give the determination of n for

various source diameters, |
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Siﬁée thé rectangular tipping oscillations usually bridg
about a better exploitation of the measurement time than do the
harmonic oscillations, they are to be preferred, as soon as the
side effects which occur (mirror deformation and mechanical
excitation of the detector) are controlled and this does not

disturb the measurement sequence.

Independent of the oscillation mode, the amplitude of the
mirvor osciliéfion should.'be held as small as“possible so that
the optical path will pass through atmospheric regions close
to each other and equal column depths. Then the radiation flux
will change by more than 10™ ® of its value based on the 1mage
rotation or spatial inhomogeneities of the atmosphere and this
change has the same order of magnitude as the flux from an
interstellar source. Since both changes occur at the same
frequency (that of the rocking mirror), they cannot be separated
"and the measurement of the source without additional information
is not posslible. The strongesﬁ"atmospheric radiator is hydrogen
with a scale height between 7 and 10 km [19]. When the field
of view is displaced by 107, the sideways deflection of the
line of vision amounts to about 20 m, after a distance of 7 km.
The atmosphere would have to be homogeneous with an accuracy
of better than 107 ° if it is not to have any detrimental
effects on the measurement. Since successful measurements have
already been carried out with the rocking mirror,* we can assume
that fhe atmoSphere is sufficiently homogeneous;

T

Now when the direction ofithe optical path is changed, the é&i§ 

length of the atmospheric layer traversed also changes, as well

o

as ifs emission. We have the following relationship for the
nten31ty of those lines for which the medium is optlcally thick

e il

¥fourier spectroscopy of astronomlcal bodies has been -
performed by Witteborn [28], Aumann (NASA Flugzeug C141) and -
Jennings [31] using rocking mirrors and by P. Connes 31, Busso- .
Tetti [23], Smyth [32], and Kneubuehl (with lamella grlds)
without rocking mirrors,
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L= 2/;3 "-elf:c,zr,c;,.,,_ * Aoy [
e BT e
where “Asy, 1s the half-width of these lines. It 1s propor-
tional to the sguare root of the layer thickness traversed¥ and
for the flat atmosphere model (which is sufficiently accurate
here), it is proportional to.1{fsi95/. The quantity & is the
elevation {Figure 28a) of the observed objeet in the sky. If
W& now vary the elevation_by[a@f,'then*the corresponding change
in the half-width of the line is given by

o A sr |

L - f ool

From this, we find the following=for the intensity change:

/Az/ -:: ca/é Ae / ,

“Since the intensity is proportional to the detector flux; we

B

have the same relationship for this flux.

The quantity e will be greater than 30° for the measurements,
because otherwlse, the atmospherlc radiation 1s too strong and
the transmission 1is too low.‘-Forxdslb we find .

<8 <97 2 2,510 rad/
SN '
where § is the direction,change of "the optical path baséd on the
motion of the rocking mirror, For the worst/case, i.e., 30°
elevation and mirror motion 1n!the elevation direction, we have
the following for the flux chamge at ‘the detector:

L
L

g - s gr s 2R

#See Appendix E.
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On the other hand, we have
“ —6
Bym1078,, |/

and the atmosphéfe“produces:greater*fluifchéﬁgés than the
source and the measurement cannot be performed. . Theréfore, the
motion of the rocking mirror has to be. perpendicular to the
elevatién direction. Then we have de = 0 and the atmosphere
produces’ no flux fluctuations at the detector. |

We intend to have the telescope. track the source so that “/
it sees fixed polnts on the sky -for the two positions of the
rocking mirror (Figure 28). This means that the elevation for
these two positions will change in time. For cilrcumpolar sources,
we have, for example (if we observe from the Equator), and for
mirror moetions which are started with constantgelevation:

aE mﬁ.m‘ Z( - 4) z‘ﬁf/-'/
If 't - tO = (.5 hours, then we find
A?“ ?jﬂﬁg ) '2'?'0,/3;. /

i@z%Zis about 2 ° 10™°® rad and so;we have, for & = 30°:

'AE';..-:;E-é ¢a“"’ | Af? 22 7207R. /

This effect is big enough to have to be corrected (or the
telescope is tracked so that the-lmage field rotation at the
detector 1is no% compensated for). For sources near the sky
Equator, € will practically‘notschange.at'all during the measure-

ment time and no correction. is hecessary.
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Figure 28a. Path of the ray of vision within one scale unlt as
a function of elevation.

Lsc— scale height; €E- elevation;ﬁsl— change in elevation by
motion of the rocking mirror.

_{End of measurement |

J source measurement |
» reference measurement |

" Polar star|,

'ﬁBeg}qning of K measurement

pE.ees J

'ﬂhorizeé)

Figure 28b. Change in elevation of the ray of vision between
the source and the reference measurements during the measurement

period,
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“5.2. Continuous Operation of the Lamella Grid ‘ /115

We will now investigate the optimum type of motion for the
grid as far as the experimentfis concerned., 'First, we must -
consider the fact that we must have a good compensation for the
atmospheric radiation and that the synchronization for the grid
motion, mofion of the rocking ﬁirror, and beginning of the
measurement processes must exist (it must be measured for a
specified mirror position‘and_érid position). In addition, the
-advance rate of the grid must be variable so that 1t can be
adapted to various measurement durations. The mechanics must
satisfy the tolerances given in 3.5 and the least possible
amount of shaking must occur during the motion. The last
requirement seems to indicate ﬁhat a continuous advance of the
grid would be the best type of drive. .In this method, we must
discuss whether the compensati@n for the atmosphere can be

“done with sufficient accuracy.

5.2.1. Measurement methdd

The processes invelved in the determination of the source
interferogram using a contilnuously moving grid can be summarized
with the following example:

The atmospheric spectrum is assumed to consist of a line
in the form of a delta function at the wave number o, which
produces the maximum flux %&Jat the -detector. For the source
spectrum, we assume the same function with an amplitude which
is smaller by a factor of 103.: The flux from thié‘source is
therefore 10 ° times that from the atmosphere (which approxi-
mately corresponds to the situation for the fluxes per 11ne)

For thHe two 1nterferograms, we ‘then have;
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F, (x) . B, éos(zfrgx) o
] F (x)ﬁﬁ cos(2#’a’x)

If the grid is moved‘continuou$ly*atﬂa“velocity v, then we have

X = 2vt and, therefore:
; FA(t)~Z3A .ct}s (.2?'?3’.2Vt'):; ,FQ'(.t)""- 73 cos(2rei2vt) .}

1

However, we did not measure these values but,FACtl and FA+Q(t +

At) where FA +q = FA + FQ! The measurenments were. carried out

separated by one-half of. an oscillation pericd of the rocking
mirror. This means that, 1n the meantlme,l the phase -difference
has changed by the amount ﬁdx = 2v. At = VT\' ‘The measured values

are, therefore, given by:

F (t')fv ﬁ? cos(zﬂ'&’ 2vt) }and I‘ (t+ At)ﬂ(@’+@)cos(21ra32v(t+dt)). |
Here we are 1ook1ng .for the 1nterferogram of the interstellar

source, that 1SJFQ. The direct difference between these

measured values would produce g»result which weould deviate
considerably from FQ, because the measured. values change more

because of the change in the phase difference between measure-
ments than because of the modulation of the flux by the mirror
motion. 'In the following, we will discuss how an-interferogram

"of the source can be determined from these measﬁred values,

5.2.2. ‘The‘inferncé of the grid motion.on the

~measured value during integration time

_First, we will investigate the influence of the change in |
the flux on the measured Valuefduring the integration time. For
this, we will again consider the interferogram of a single and
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" 'very narrow line. It is_given'by:

F(x) ~ cos(2 7@ 2vt) .

For an integration time of Ty .seconds,; the measured value isg
: _ -

given by:
_ Lotz |
/
s(x Ax) 1,2,— 5 dt- cos(2‘ﬂ"e’2vt) /
7
L T hear o
or '
s(x, Ax) ~ cos(2frax,) s:.nc[;?Ax] /
where'Ak ‘-va} /and X,= 2vto' . By changlng the phase difference

during the 1ntegrat10n time. by AX the measured value is reduced
by a factor of 51nc£?45{y , compared to what would be ‘obtained /117
for a constant phase difference. For o = 500 em * and v =

5" 107° cm/sec, as well as Ty = 12.5 msee (half modulation

period of the 0.7omm detector}, we find

[2-4x] = 0,9935. ..

SIS
This reduction in the signal by less than .1% does not represent
a restriction, even for the maximum wave number. As long as
the velocity of the grid advance and the periocd Ty do not

. change noticeably, the effect has this/order of magnitude and

can, therefore, be ignored.

{
5.2.3. Determination of the interferogram of the

interstellar éoﬂrce'

Now we will investigate‘how we can determine the. interfero~
~gram of an -interstellar source from measurement data taken G
. with -a--centinuously moving interferometer.

r
|
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For this.purpose, we will;consider an ideaiized measuremant
for which the following applies:
i
i) During the measuréme@t,time.for'one peint of the
interferogram, we assume that the flux inifront of the dispersion
element 1s constant. Thereforé, no orientation fluctuations
or other disturbances occur,which would produce signal fluctu-

ation. The rocking mirror is at rest during the measurement.

ii) The atmospheric radiation 1s represented by a single
monochromatic line with wave number Oy which produces the

flux‘%&i in front of the interferometer.

'iii) The source is also aésumed to only radiate at a mono-

chromatic llne with the wave number Ga and its flux is assumed
tO he ﬁ/ ’ ‘

iv) The degree of.modulaﬁion:is assumed to be constant and
equal to its maximum value, ané can be set equal to 1 for the
following discussioen. The transmission of the dispersion ele-
ment is also assumed to be 1.

Then the two interferograms are given by:

. } .
; . . 7 f . o ] 7 ) '
\ﬁ Fﬂm. ~@ l;g_:—;-.(zﬂ'aiﬂavt) IR VPN €2 Sad @ cos'(zfr@;-zvt) * é; cos(zﬁ?’%-zvt) .

' !
The measured values are determined ags the integrals of these/llg

functions over the measurement}time and, according to 5.2.2,
they ¢an be described as the value of the interferogram at the

center of the measurement 1nterval

F (t )~ @cos(z’Ta’th 1

A Q(tz) ﬁ?cos(203>2vt ) + @@cos(“ﬂeaavt ), .tﬂ = t,

+ /2.
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As already mentloned the recording of an interferogram ‘should
not take much more than 30 mlnutes for reasons of economy. If
the tobtal measurement time is set equal to 10°, then for 10%
interferogram points, it is possible to carry out ten measurements
per second.  According to 3.5, the change in the grid shift
between measurement points equals 5 . Therefore, we find an
advance veloclty of:

3

Yy = 5 10; cm/s -i‘4VV{?3 .

Here m' 1s the number of mirror cscillations per interferogram
point andlkm/u

i

5 W is the step of the grid.

In order to see how the cbmpensation of the atmospheric
radiation depends on the wave number In the spectrum and on
the advance velocity cof the grid, we will now vary these

‘quantities, and we will assume:

where 0 < ¥ £ 1. The time con$tants are fixed but the number
of mirror oscillations per interferogram point is changed,
which leads to an extension of the total measurement time by
a factor of 1/y compared with %he 10? seconds assumed above.
In addition, we set | '

'G?/@ﬂr-*‘?;' Gﬂ/é%f: ?)“
where Ty 1s the maximum wave number (— 500 cm ') and: 0 <.a,q < 1.

In this way, the expression for the measured 1nterferograms
is glven by o {

R ’ : 2 ° 4 ) i L M

T

! .

e e e
i

-
1

b
.
P
%
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Now there are various possibilities of determining the
points of the spectrum of the source from these measured
values. ;

1) Both values are stored and we obtain two -interfercgrams.
Using an Interpolation fermula, the functilconal .values at the
support_péints of ‘oné funetional value. are calculated for the
other one. Then both curves. are subtracted ffomweach other
and the difference is transformed

i1} The spectra are calculated f;om the stored interfero--
grams and, after this, they are subtracted from each other,
and one of them has to be interpolated.

If we consider the accuraéy reguired in order to resclve
the source spectrum, which has an amplitude which is at least
T U10% times smaller, from the background spectrum, then it seems
very doubtful that this can’ be ‘done with any kind of interpola-—
tion method. 1In addition, absélute flux measurements are '
required for these methods. Tﬂerefore, a direét voltage
amplifier would have to be conﬁected behind the bolometer
which would lead to dynamic préblems. The method of direct
differencing remains, which,fifst appears rather advantageous.

iii) Both measured values are subtiracted from each other
and the resultlng function is transformed This only makes
sense when the non—compensated;part of the atmospheric radi-
ation 1s smaller than the flux!from the interstellar source.

We obtain the follewing values for the 1nterferogram p01nts.

?_ e

Afo (e‘ fﬁ/Q) (.:‘4) o~

ﬁ; c*a.s/z" % (c’/e' 'f 0..-5")/ 225’ _5'(/)/9’-——&’(;’4/6 »a?.f)jm@r

Ty

1
]
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The first term is the sigﬁal to be measured and the second /120
is the flux of the atmospheric radiation based on the grid

motion which is noncompensatedl In order for the measurement

to make sense, the latter mustjbe_greater than the former. If

we gset £t = 0, then we find th¢ following from this condifion:

5? YIRS 2 f??ﬁf
EgE s ot

If we set thé'éosine on the left side of this inequality equal
to 1, and .{@'é&@\,, we find:

‘e » 2.&#2(”0“9}
SRERTEAY

Since e « 1, we find from this:
2 e
52’ z- (T ww = aX STV /
If the definitions of a and X ére substituted, we find:
e . '%Ma"g"."'”' |
VS oty HLVE ~ o /|

Since the atmospheric radiatioen radiates down to the smallest
wavelengths of the spectral range, -the inequallty also has to

'be satisfiled for 1%9 4%{ :

Vg vm G 9riE

The flux from an interstellar éource is =smaller than that of
the perturbing radiation by about 5. POWET'S of- 10 therefore,
we have‘fnsio / and finally we find:

! -4 . .
| v-;;o,os-vﬁ =-;,o-10 cm/s_: 1'5F/S
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Tﬁéwéfid bbuld, at most, be moved at this velocity if, for a

100 Hz modulation frequency and a maximum wavelength of 500 em ',
the non-compensated part of the atmospheric radiation is not to
exceed the flux from the source being Investigated. In addition
to the fact that such small velocities cannot be realized in
practice, this would result in a total measurement time.of

10® sec/0.03 = 3.3 * 10" sec, which amounts to more than nine

hours. This time is much too long for the balloon measurements.

Continuous operation of the lamella grid 1s not possible in
conjunction with a rocking mirror. However, we must consider /121
the fact that this type of grid motion might be advantageous
il we use a two-beam system, because the advance veloéity and,
therefore, the grid shift can be well controlled and because no
shaking will occur, which would be the case during stepped
operation. Since the reference measurement of the atmosphere

“oeceurs simultanecusly with the measurement of the source for

the two-beam method, the.problém just discussed is. eliminated.
5.3. Stepped Operation.of the Grid

. 5.3.1. THe measurement method

" As shown above, it 1is onlj possible to*usé'a rocking mirror
in conjunction with stepped operation of a grid. The measure—
ment is pérfofﬁed by having*thé grid carry cut a defined step,
s0 that the phase difference. of 1nterfering ray bundles is
changed by the spe01f1ed amount. ‘Then one must wait until the
mechanical ogcillations of the system have decayed. During
this time, the detector and the preamplifier can adjust to the
new flux at the detector crystal - As soon as the signal change

“at the output of the pfeampllfier caused by the transient
process becomes smaller than the signal produced by .the motion
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of the rocking mirror, the measurement of the slgnal can be'
performed. Since the phase difference does not: change during
the measurement, the measured values for the case analogous to

5.2.3 are glven by:

1“ (t, ) = 43 cos(27rc? x(t )

Pt .“)' ‘ﬁ’

A+Q ‘2‘. - B, cos(?ﬁ,f..x(tl)) + 8 cos(277’e.?qx(t ))

=}
Therefore, the difference of these measured values, taken at
different times, directly produceq(in.the ideal case) one pointg
of the interferogram of the interstellar source. ' -In general,
an inhterfercgram pointwwlill“ be determined as an-average over

several measured values.

S
[
N
nJ

5.3.2. The time varistion of the motions

In stepped operation, thé diﬁf;culty is‘not,in obtaining
reliable data, but in the mechanics of the grid motion. In the
ideal case, the rest phase wou}d.be considerably longer than
the motion phase of the grid.and then the motion,.as a function
of time, could be represented as a. step  function. Unfortunately,
the stepping motor does not. carry out such motions.  Instead,
in the unloaded state, 1t reaches its final position very fast
but exceeds it and then,graduaily comes to rest. In the loaded
state, the motion is slower ané the overshoot is smaller. If
the time avallable 1is too-shdrﬁ or If-the iﬁertia or friction
of the moving mass is‘tOO'largé§”thenﬂit“becomes possible that
the required displacement is not reached, but this can be
avolded by appropriate dimensioning of the motor if. the distance
between steps is not toc small., Since the mass of the moving
lamella unit is about 1.5 kg and must be compensated by a

counterweight of the same size.so that the motor has equal
loading independent of the position of the grid In space, it
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_seems that the stepping frequency which can be obtained with a
reasonable amount of effort amounts to 10 Hz. However, even for
optimum motion, i.e., small overshoot and aperiodic approxima-~
tion to the nominal value, it seems that between 20 and 30 msec

will be lost for the transient process.

This is quite compatible with the data of the 0.7 mm
detector (4 msec time constant’ and 40 Hz optimum modulation
frequency). In order to reach, the new value with sufficilent
accuracy and for a small grid shift,.lt requires about 55 msec.
If the grid shift is large, it requires 45 msec after each grid
step (see 5.3.2). The waiting time is then no longer determinad
by the mechanics of the grid but by the time variation of the
detector. The times indicated mean that it is not possible to
carry out measurements for two mirror oscillations;and for an
advance frequency of 10 Hz, at least one-half of the measurement /123
“time is lost. However, it iS'§OSSiblé that in the wings of the
interferogram, a transient tlme of 25 msec will be sufficient
(this applies for the selected ‘detector, if the signal per grid
step changes by less than 2.5 f 1073 of its average). In this
case, the measurement would have to be interrupted for only
one mirror oscillation. In order to hold the waiting time as
small as possible, an electronic device should be provided which
determines the signal change just after the grid step is executed
and then calculates the required transient time.

" If the number of mirror oécillations per grid step equals
M' and if'measurements are carfied out during M of these oscil-
lations, and if € is the ratio:of the rest phase of the Pocking
mirror and one-half of the oscillation period, then we have
the following relafionship for the effectiveness Of the system.

R PN
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Depending on the intensity of the signal change per grid step,
we will have M = M' - 1 or M =-M" = 2. One should expect that,
for almost all interferogram points, the followipg wilill held:

M =M'" -1, so that the followlng applies for the effectiveness:
. . 1 ‘
A 1Sa- (5.11)

In order to make 1/M' small, M! should be as large as possible.
Beecausge of:thé limited measurlng time per interferogram, at

the present time M' cannot be made substantially gréater than 4.
Smaller values can also not be used because, otherwise, the ratio
of measurement- time and waiting time becomes too unfavorable.
With M' = §} and € = 0.9, which should . be achievable wilth rectan-
gular oscillations, we find the following effectiveness:

A similar development can be made for a rocking mirror which

carries out harmoniec oscillations. In thils case, /2 1s toc be

replaced by the effectivenessea n determined 1in Appendix D.
|
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6. The Pregent State of the IR Experiment

6.1. The Optical Configuration

The telescope has a Cassegrain system, as discussed in
Section 4.2.2 and as shown in Figure 25. We decided to use
this because of the favorable ﬁoment of inertia and the possi-
bility of being able to adjust ‘the ray path to the other dis-
persion elements without a great deal of complexity (change in
the ray diameter by displacing the collimator mirror 3 in
Figure 25}). 1In addition, the position and size of the inter-
riediate  image means|that it is relatively simple to operate the
diaphragm,. which would'héve-to;be made very small for the
Gregory system and which i1s difficult to adjust because of the
small image diameter of about 0.5 mm. If it 1s made of glass,
which is non-transparent for the IR radiation in the wavelength

. range of interest, then the fisld of view of the main mirror

in the visible range can be'imaged‘onto~a star sensor rigidly
attached to the bolometer (see below). The sensor consists of

a field of 100 x 100 detectors, which react to visible radiation.

The field of one of these detectors corresponds to the field of
view of the bolometer which makes 1t possible to check the
adjustment with visible light. ‘In addition, a luminous diode
can be installed 1in the glass dlaphragm, the image of which is
also assigned to a group of detectors. when the instrument is

exactly adjusted, so that the adjustment of the optical compon-

ents behind the diaphragm is simplified and can be tested during
the flight. '

The main telescope mirror will be a f£/2 light weight mirror
with a dlameter of 1 m made of glass ceramic material with a
'émail expan31on coefficient (CER = Vit €101). The blank is
supplied by the firm Owens Illinois and the weight is reﬁuced
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—to 95 kg by h0110W1ng out the mirror. The central hole Has a
diameter of ‘15 cm (2.2% of the total surface area), so that the
subsequent conversion to a tubing system is possible. The field /125

of view of the mgih mirror is corrected to withirn 10%,

The effective focal length of the telescope is 16 m, which
results in an image size of 4.65 mm for-a 1' source diameter,
The image is 20 cm ahead of the surface of the malin mirror.

The adaptatlon to the lamella:grid or to  the detector is done
as shown in Figure 25, using a 10 cm f/16 or a 12 em £/10 off=-
axis mirrer. The dimensions of the lamella grid were given in

3.5.

A Low bolometer with a 0.7 mm edge length of the sensitive
surface is used as a detector, with a NEP of 3 * 107" W/¥Hz
and an optimum modulation frequency of 40 HEz. A spherical
" mirror is installed in the Dewar Wthh focuses the IR radlation
onto the detector. The data for it are given in 4.2.4. The
field of view diameter amocunts to one minute of are for the
optics discussed and the detector size. As Figure 29 shows,
the D%war has a dichroitic plane mirror which lets the visible
light pass through to the detector field dinstalled on the vessel,
whereas the IR radlation is deflected towards the bolometer.
The filter wheel installed between the plane mirror and the
circle mirror at the present time contains three filters, which
contain diamond dust Tor scattering the visible light. The
filters will let radiation with wavelengths greater than 5 ﬁ,
27 u, and 50 U pass through to the bolometer.

At the present time, we have not yet decided where we will
install the pupils* of the system., One of them can be defined

'"b§'%ﬁéﬁﬁéiﬂ?ﬁirror, thelsecondéryumirror5 or bjféldféphfégﬁ”fﬁvr

.ﬁffupils are the cross sections common to all ray bundles.



Figure

a

- \jf////i//ﬁ( Z

ITZi@OOOQ?ZOCG? ir_1 if ;"fA}ﬁ;;fvi;fﬁ; fg . Tt ‘ -;* 3-{

Srrrzrmrrr 777t 77

W VXX iy

2q.

.| Radiation
sereen

Cold plate
1 (1.5° K)

Filter wheel

Dichrot
mirror

Optical focus

YA

“Low bolometer for the IR experiment ,

E
¥

a

e

L

165



[

“the immediate viecinity of the detector, or by the detector
itself [20]. The selection of the positions of the puplls is
important becauseJamong other things, they determine how much
berturbation radiation from the telescope reaches-the detector.

6.2. .The Time Constants and the Data Flow

By selecting the detector, we have specified its time.
constant, the ‘optimum modulation frequency, and, therefore,
also the rocking mirror frequency.

We will select rectangular oscillations at 40 Hz as the
form of motion for the rocking mirror. The effectiveness of
the mirror motions should be about 0.9, i.e., the motion reqgulres
about 1/10 of the oseillation period [25].

e The motion of the 1ame11a grid 1s controliled by a stepping’
motor, which provides a rotation of 1.8° per control pulse with
an accuracy of 3%. It is connected with the grid through a
micrometer spindle with a step of 1 mm, so that per step, there
is a lamella displacement of 5 u + 0.15 u.

If a total measurement time of 10° sec = 16.7 min = 11 is
specified, then the grid must be moved at about 8 Hz, if 213 =
8,192 interferogram points are to be recorded.. This results in
a measurement time of 125 msecAper.interferogrém point. For o
small phase differences, the detector requires about 58 msec of
transient time and 25 msec will suffice for larger phase |
differences. Therefore, it makes sense to use four mirror
oscillations for the measurement and to move the grid slower for
small phase differences (at 6.7 Hz). The number of mirror 7
"osciliations per grid step is, thérefore,ww = 6.for a small
grid shift and M' = 5 for a large grid shift. The number of



......

measured Values per 1nterferogram point is always egual to M
The effectiveness of the system is, therefore, the followling
for almost all 1nterferogram points

£= 05 (4~ 4/5) 99 = 036, *_

The difference and the averagefare formed using a lock-in
amplifier which produces points of the sourcewninterferogram at

~1. respectively (for small phase

a rate of 8 sec™? or 6.7 sec
differences). ' If possible, a direct voltage amplifier should /127
be connected with the bolometer having a low sensitivity, which

will measure‘the-perturbatibn signal once per grid step. The

data for it also arrives at & or 6.7 Hz. In addition, the

S grid step should be measured and -should be relayed via telemetry
together with the interferogram, so that we have the following

data flux (Figure 30).

The time constants of the experiment are the following for
the measurement discussed: ‘

Time .contant of the detector: Te = 4 msec

Optimum modulation period: : .15 = 25 msec
Osecillation period'of rocking mirror: o g = 25 msec
Fraction of time per oscillation which _

cannot be used: . © 2.5 mBec

Separation between twoe grid steps: : . - -125 mseec or
' : . 150 mzec for

small phase

difference

Non~usable part: 20 to 50 msec
(depending on
signal changeL

*Thls should be compared with the effectiveness of Q. 025
which is achieved in -an aircraft experiment W1th a Mlchelson o
"Tinterferometer [29].
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‘Integration time per interferogram point: =~ U5 msec
Total measurement time: S T1= 10° sec

Total integraﬁion time per interferogram: T ,368.6

sec = 6.14 min.

P )
[ I
. EE

6.3. Typical Measurement Sequence

Acecording to the'preSent'State“of our knowledge, the
production of-'a spectrum calcuiated‘from.an interferogram from
a typical interstellar source will be done "approximately as.
follows:

About 1 secoafter beginnihg of the measurement, the grid has/128
carried out 7 steps and produced a phase difference of 0.007 cm,
which results in a resolution of 100 em ! for the calculated

spectrum. With this resolution, it is possible‘to already

L demonstrate the continuum radiation of the -dust which surrounds

the source. According to 2.4, the s/n ratio for the resclved
spectral elements is best at this time. Therefore; ore can
decide whether the telescope is indeed aligned with the source
and whether it is advantageous:to continue to observe the source.
For execution. of the experiment,. 1t is important that this
decision is reached after the measurement has begun with prac-

tically no time delay.

After a measurement time of about 10 sgec, the grid has
carried out 70 steps and has produced a.phase difference of

0.07 em, and therefore, a resolution of 10-em *. In this way,
it is possible to observe the structures in the dust continuum

(absorption bands). ‘ -
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As the measurement continues, the resolved spectral
elements become narrower and, finally, the lines of the gas
from the continuocus background appear. After a measurement time
of 1000 sec, the phase difference is 8 cm, 8000 interferogram
points have been recorded, and the spectral resolution is
0.085 em™'. For sufficient compensation of the atmosphere, it
should be possible to determine the source spectrum from the
transformed interferogram if the :intensities are not too small.
(Figure 31). )

6.4, Outlook

One would expect that astronomlical IR experiments with
Fourier spectrometers will be flown on satellites or on a space

shuttle in the foreseeable future.

The perturbation radiation of the Earth atmosphere is so
small at satellite altitudes/ that the ‘rocking mirror is not
needed for cooled telescop;—optics. If the interferometer is
operated so fast that no additional intensity modulatilon is
required (rapid scan), then the effectiveness of the measurement
can be increased substantially, compared to'a balloon telescope
with a rocking mirror (with a rocking mirror, we can achieve

n = 0.35, without a rocking mirror we could achieve n > Oﬁggand

~
-
™
O

we could achieve almost 1 using a-suitable measurement tedhnique).

One stipulation for this is that the perturbation radiation
of the telescope Bg]so small that 1t does not have to be
compensated for. TFor an emissivity of € = 0.081 and 5 mirror

surfaces, one obtains a radiation density of i = 2 ° 1687°% W/em®sr

for a telescope temperature of 70° K. On the other hand, the
dust coupled to an interstellar cloud produces a radiation
density of i = 4.3 ° 107% W/em?sr at the same temperature of
70° K and the emissivity of 1. This perturbation radiation can
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'not be elimlnated in pr1n01ple. Therefore, it is also not
necessary to compensate for the mirror radiation which is one
order of magnitude smaller, and therefore, no intensity modu-
lation is required. Up to the present, theré are no 1ndications
about thé nature of 1nterstellar‘dust at temperatures far below
70° K, because low thermal emission cannot yet be measured. If
it is found that the dust temperatures never become smaller than
70° K, then this will have far-reaching consequences for Fourier
spectroscopy-of interstellar objects. " In this case, the dust
will produce a radiation densiﬁy-which 1s similar to that of

the Earth atmosphere at an altitude of 35 km. At T = 230° K and
e = 0.01, we have iAt(35 km) 5.0 ° 107°% W/em®sr. At an

altitude of 45 km (at T = 250° K and ¢ =~ 0.002), we have iAt(&S
1,45 Jom) = 1.4 7 107° W/em?sr.

This means that no rocklng mirror will be required for a
”balloon telescope operating at ‘45 km, if its optics are cooled
to 70° K, because the perturbation radiation, which could be
'compensated for, amounts to only 30% of the non-compensatable
dust radiation (in the case of 'the satellite, about 10% of the

perturbation radition can be compensated for).

In order to not overtax the dynamics of the detector and
the preamplifier, one should avoid the ray direction modulation
using a rocking mirror in highfaltitude balloons (of course, in
satellites as well), because only 1 to 10 ppm of the signal
change produced by the mirror motion can be attributed to one
line of the interstellar cloud. Most of it is produced by the
dust (if its temperature is not substantially below 70° K). OF

course, this makes it more difficult to determine the line

_spectrum of the gas cloud. In this case, the intensity modula-

tion using the rapid scan méthod is more favorable because the
modulation of the 1nterferogram caused by a black body spectrum
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decreases approximately with 1/x% (x 1s the phase difference).
The modulation caused by narrow lines is almost not attenuated

at all. The dust radiation therefore produces only an approxXi-
mately constant contribution to the interferogram, at least for

a large phase difference (approximately for x » 0.1 cm). Dynamic
problems occur for very small phase differences.

An interferometer which operates outside of the Earth
atmosphere will observe only continuum radiation (dust, telescope
optics) in addition to the line radiation of a gas cloud. A
balloon instrument will adso see the lines of the atmospheric
radiation. These lines must be discriminated from those of
the interstellar source. This 'is possible 1f the atmospheric /131
apectrum 1s measured at the flight altitude of the balloon,
whiech will lead to a decrease in -the effectiveness. (The same
effectiveness as obtained wiﬁh'an'instrument cutside of the
Farth atmosphere could be brought about using the two-beam

methodl)

If we assume that the dust temperature is not substantially
below 70° K, then the dust radiation will determine the pertur-
bation radiation and, therefore, the achievable signal-nolse
ratio for high altitude balloons and satellites. This means
that both instruments will reach the same s/n ratio for the

same measurement time.

A balloon telescope which operates at an“altitude of 45 km
and has cooled mirrors (70° K) will, therefore, provide the same
data as a telescope of equal size which is installed on a
satellite or a space.shuttle.

173



SUMMARY

It was the purpose of this paper to discuss the experimental
project "high resolution IR spectrophotometry with a balloon
telescope" [1] so that construction of the telescope and the
spectrometer could be begun. The central theme was the selec-

tion and optimization of a suitable dispersion element.

Simple developments showed that, in this experiment, the
method of Fouriler spectroscopy 1s more advantageous than conven-
tional methods, because the processing of large spectral ranges
becoméépossible and a favorable signal-noise ratio is obtained

in the spectrum.

The expressions for the signal-noise ratio in the gpectrum
were derived for various noise sources and we were able to show

the following:

a) The multiplex gain is maintained for this experiment
in contrast to most laboratory experiments, even when the

atmosphere is the dominating. disturbing radiation source.

b) The signal-noise ratio per resolved spectral element
1s inversely proportional to the square root of the measurement

time for continuum radiation.

¢}  Insuffieient alignment accuracy of the telescope and
nen-uniform interferometer advance produces sidebands.in the
spectrum, which must be interpreted as noise if errors are not .
known. If the errors are known, they can be eliminated by
calculation. |
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Since interstellar sources are surrounded by dust which
produces continuum radiation, b) can be applied in the planned
measurements and lmmediately after the beginning of the measure-
ment, one can decide whether the source is in the field of view
of the telescope and whether it is useful to observe it for a
long time.

An analytic estimation and the numerical determination /133
agreeing wifh“it showed that the degree of modulation of a
lamella grid is such that this instrument is superior to the
Michelson interferometer for the planned messurement down to
wavelengths smaller than 20 u. The lamella grid was therefore
selected as the standard instrument for the experiment and its
dimensions and manufacturing tolerances were established so ‘
that it operafes with optimum modiilation in the spectral range
bpetween 20 and 200 p. PFabry-Perot tipping filters will be used
as additional instruments to determine fluxes from lines having

khown wave numbers.

The optical components reguired for the adaptation of the
grid and the detector to the telescope could be defined using
the data from the lamella grid and from the main mirror. This
means that we have fixed the optical system of the experiment.

The data-of the detector, a bolometer filled with helium,
were investigated using semi-empirical formulas and we found

the following:

a) a relationship between the normalized noise power
of the detector and the perturbatdon radiation and

b): a relationship between the optimum modulation
frequency and the nolse power of the detector.
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e Using the second relationship, we investigated possibillities
for changing the noise power and modulatlon frequency. We were
able to show that small modulation frequencies and, therefore,
small nolse power levels of the detector are to be preferred,
even though the measurement time is exploited more poorly because
of the larger time constant of the detector and the resulting
long transient time.

Finally, we discussed methods for compensating the pertur-
bation radiation and the motilon of the interferometer. We were
able to show the followlng:

al The ratio of the perturbation radiation to source
radiation is on the order of 10°. At the present time, the /134
perturbation radiation can only be adequately compensated for
by having the secondary mirror of the telescope in the form of
a rocking mirror which carries out small amplitude oscillations
and alternately images the source (together with the atmosphere)
and a closely adjacent region of the sky (its elevation is equal
to that of the source) without the source onto the detector
(ray direction modulation). ‘The difference in the signals
measured 1is the sighal of the sourée; A two-beam method (which
would allow better exploitation of the measurement time) cannot
be used because the required detectors do not yet exist.

b) The combination of the rocking mirror and the inter-
ferometer can only be used because of the great variation of
the interferogram between adjacent measurement points and the
required compensation for the perturbation radliation, if the
interferometer shiff{ 1s changed in steps.. If 1s not possible
to have continuous advance, which would be desirable because of

the reduced mechanical problems (oscillations).
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c) Because of economical reasans, it is desirable to make
The waiting times between the measurements as small as possible.
One measure for the time economy of the measurement arrangement
is the effectiveness, ‘which here is defined as the ratic of the
integration time per interferogram and the measurement time per
spectrum. It depends on the type of motion of the interferometer
and of the Pocking mirror, as well as the transient times of the
detector and of the electronics. (The fact that the alternating
voltage .amplifier differentiates the signal is not considered.)

d) The maximum effectiveness is achieved when the time
constants of the system are adjusted to each other and the
rocking mirror carries out rectangular oscillations. It can
reach the value 0.35, which comes quite close to the maximum

value of 0.5 for the 1ldeal rocking mirror operation.

e) When the temperature of the dust connected with the
interstellar cleud 1s high enough so that its thermal radiation
produces a flux at the detector whiech is higher by three or more
orders of magnitude thany’that of the line radiation from the
cloud (this is the case for T ‘2 30° K), it becomes difficult to. /135a
use the rocking mirror. This is because such great flux changes
occur because of the ray direction modulation that the dynamics
of the detection electronics connected to the detector become
overstressed. " One way out of this is to use the two-ray method

or to measure from satellltes.
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SYMBOL LIST

We only give symbols used many times.

A..

8

: B(d)

o g9 o
= L
¥

Pameer

H
[EX

o

2o wh ot B @l H

area [cm?]

grid constant [cm]

radiation flux [W]

radiation flux per wave number [W/cm ']
radiation density. [W/em?sr]

diameter of imaging surfaces [ecm]

solid angle range [em®sr]
interferogram
focal length [em]

modulation frequency of detector [Hz] .

heat conductivity [wydK]
amplification factor

radiation Intensity [W/cm®sr Hz] -
angular momentum quantum number
wave vector

light yield

number of spectral elements B
normalized noise power [W//Hz)
noise power [W)

spectral resolution
signal-noise ratio

sensitivity of bolometer [V/W]
Temperature

Transmission

measurement time [sec]



do

Af
Ag

velocity [em/sec]
phase difference [cm]
interferometer shift [em]

incident direction on the dispersion element
reflecfion direction

spectral resolution [em™ 1]

bandwidth of preamplifier [Hz]

width of spectral element [em™*]

emissivity

effectlveness

wavelength [cm]

wave number [em™ 1]

field of view diameter

ray divergence at dispersion element

time constant [sec]

solid angle
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APPENDTX A

|

The Intensity Distribution Behind the Grid in the
Fraunhofer Approximation

If & is the direction vector of:the incident ray, £ that
of the reflected ray, and X | the diréction wvector of the
reflecting_grid location,5then the phase difference of a ray
reflected at"f compared with the ray reflected at the origin

islgiven'by:

and the angular phase difference 1s given by

R ACR N

where k = 2mg. 1In addition, we assume that f%_? e - f\. Then
we have the following for the intensity distribution behind the

grid: S ?1 .  2¢
- ~ f b e Lam;(e P) /
grld surface oA |
=/f°/>’ e:é}ﬁ,j‘:f .aé(—"-‘f‘" +z(xJ._z)/ |
'@5 ‘ d@@ S

The origln of the coordinate system was placed in the
center of the grid surface. The second factor of the last
expression is formally identical with the expression for the
two-dimensional problem and, therefore, we have:
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where \£ wodpn 7/area of a lamella.

For the configuration shown in the figure of the incident /140

and reflected ray (direction vectors & and £, respectively),
we have:

ﬂﬁek.e sih%g#tbszf voey = —81n -Blnzf ?COBﬁé_i,
f.-';rvx"- sm ,,'. coszf 1‘y = sinf '51nz¢£ = GOB?’ §

It follows from thls that:

i‘sr‘,'f,{.“-. e - r = sing - coszd, - s:.nsﬂ-coszf ;.

-sin# osxnﬁf - smfg -smwﬂ-

I

)

b
!

(]

L]
-4
"
i

‘= .-l;co_sfﬂ,' ~ cos ..

Now if ',z£=a$,’.=0l then we have
ST omem e R L N .
g = sing =~ sind R =0 # = -cos¥y = cos¥ ;
These values correspond to the two-dimensional solution discussged
in 3.2.
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i

On the other hand, if we set fz%: -‘uf =_-.-t77’/2}/, we obtain

j‘ )_Q =O; . Vgr = 0; ¥ = = co8¥e ~ cos;‘f_l ;
which means that the intensity distribution in the y direction
is the same as the distribution along one diameter of the
Haidinger rings for the Michelson interferometer, because we
have_g?=ﬁj. (Refraction effects are not important in this

direction.) -
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APPENDIX B

/141
The Two-Dimensional Analytical Solution Considering
Shading
For the followlng, we assume an ideal lamella grid in
which all lamellae are exactly parallel to each other and all
lamellae of one family have exactly the same grid shift.
For given incident and refiected angles, then the shading
for all the lamellae pairs will be the same (if we disregard
edge effects at the outer lamelliae). Therefore, we have the
following for the intensity distribution: .I Aféﬁff* /
£ 5 e (hren 2] |
lamella pairs ~ fixed /7' :i.movable
lamellae- co lamellae
| e | ks [ sl sne)
AR O T i AN
é S | S - l*ez&%{l(e.&g;w;. dm%)j
The z coordinate of the fixed lamellae is 8et equal to zero and
ALl, AUl, ALE’ and AU2 are defined by PFigure 32.
For the inten31ty dlstrlbutlon, we therefore obtain: /1h2

(.&wfﬁwwwé

?I ( "‘6«) i ko -' / 2= ‘”5[ “ (A“’*‘A‘{*).]‘Cxﬂf (Azé —Az:)_]

S cas[.éw (,az;, ,w,) - ,w,z _/ # oag[,m..(Az, - Aly ) F A z]

- ms[é;ﬂ (,44/2 ‘-Az,) ,ué;o z] cos[éﬁ' (A/-’z -,4(/,) "’6" Z]j
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Figure 32. Definition of the integration limits for covering.
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APPENDIX C

The Effectiveness of a Rocking Mirror Carrying Out -
Harmonic Oscillations

Let us assume that the field of view diameter of the
instrument is 20, the amplitude of the mirror oseéillations is

a, and that the source diameter is 2y. The equation for the

center of the field of view is then:
x(£) = o cos'(Brhé)
fO is the frequencyndfufhélmirfof oéciliations. In a similar
way, we have the following for the edges of the field of view:
@)
o @)

Ik

A‘Qg-cds(éhﬁfé) f759 
Xs-cos (2rhY) + /€

o

)

Figure 33 shows the time variation of the mirror oscillation.

The effectiveness which can be obtained depends on the
source size to be investigated. First of all, we consider a
point source which is assumed to have an angular separation of
aQ from the zero position of the mirror.:

) .
In order for the socurce to remain in the field of wview of .

the detector in the vicinity ofthe maximum deflection of the

mirror, we nmust have:

":_OCQ ?/O(.S - g -
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Defléction of secondary mirror

source
diameter

e——

e T
I )

\

$ Measurem ti‘ o
' fim ent. ‘Field of view
5! e 4
i diameter
Figure 33.
The longest observation time is reached for k&%ﬁ.o&‘ e %

it 1s given by '
, ~ 8= oy coSTAZ #0  wmm S = 26k, = CotThT
P = ;’%— crccos (4~ 29/0(_,_) . | |

The observation duration must be smaller than dne-half the

ﬂt{ 1/°fl From this, we find:
-

;ﬂ avcaasﬁ¢ EEM&,),C 122

7 - 29/0(; 0.

The observation time is a maximum for minimum argument of the
arccos, i.e., for 1 - 2:8/«s = / , and therefore,

e L.

0(.5 = 20 , ‘ Z

The coptimum solution for a po;nt source 1s therefore:
“.‘O<_5 = 26, . k O‘Q “5‘9 =8 {
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The observation time would be 1/2f that is, the theoretical

0

maximum value and the effectiveness would be g£-= 045,

Unfortunately, this case is not realistic, because even a
point source wlll appear to have a finite diameter because of
refraction effects and, therefdre, 2y = Q0 does not occur in

practice.

Now we willl consider an extended source, whose diameter is
smaller than the field. of view diameter of the telescope.
Therefore, we have ¢ < 8, If we now require that the source
remain inside the field of view of the detector durlng the

integration tlme, we must have
oco(é)» cxa + ?‘ AR
uQ 1s the position of the center of the source relatlive to the

zero position of the mirror, From the inequalities we first
find at 26 2 2%, which is already satisfled, according to our

assumption.

The longest observation time is achieved for

@) = = G =g - ¥ M = s = (@ %)
From this, we find:
“0002) = ms casﬁﬁ‘? + 0. — 0@{+'¥ ‘=#-

oc,s- coﬂr/f S s — 2 (a -2

and the effectiveness is:

pe = Vh = a2 ggh
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Howéver, we must now remember the fact that the source must
remain completely outside of the field of view during half of
the oscillation period of the rocking mirror. It will still be
partially in view of the detector, as long as we have

.‘q;pt)aﬁaat- Z,
and it will vanish from the fileld of view for
oco (572) X .= . o(ﬁ -' ';j _—-._> . 0(5- Co_fﬁ:'gé/= O{s " 26)-

£l = ;5%--;&&0&5(?3?;%54kf).1 _‘:-_"L

t' must be smaller than 1/2f0 and the optimum solution 43 t =
1/2f0, from which we find '

20k =0, w20, |

/

~and, therefore,

Finally we find the following for the effectiveness:

o5 = o). |

As scon as the source diameter is equal to the field of
view diameter, the effectiveness vanishes. One again obtains
a finite value if we require that only a certain part of the
source 1s to lie within the fleld of view during the integration

time. AR

Finally, we will now investigate the case Y > 8, 1In this
case, it is not. possible to include the entire source and it is
advantageous to select the integration time so long that the
field of view of the detector 1s filled with the image of the

source only during the measurement.
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The edge of the source is assumed to have the angular
separation B from the direction of viewlng of the telescope at
o, = 0. The scurce then' 'is partially within the field of view
for

| ,6’\{ —ocr(é) +8 |

B

From this, we find the possible oebservation time:

o e (222) |

T must be smaller than 1/2f that is:

O’
sy B8 0 == B8 o rb-6.
The time is a maximum for

B =86

Now we will select the measurement time so that when' it begins,

a specified fraction ¥ of the field of view is filled with the
source. If the source has a stralght line boundary (source
diameter very large compared with the field of view diameter),
this means that the center of the fleld of view must have reached
the angle deviation ’Kthich.is specified by the following

‘ 97’9? /J/' }/—6_—3"—’ + 92 (a'm.s-z,n.ﬁf __iz‘)j
Xy@ - z l,?( iy patffﬁé;—:;;7-+cvtswvﬂam _/

Pelationshlp

From this, it 1s possible to determine o for a specified ¥ and,
therefore, the position of the field of view center at the
beginning and end of the measurement.
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"0 ,5_

a1 20,75
0,19

g e 0L 0507

We have: - v - S .-,ZH‘A,.
(’r/z) = o(_g co.s‘?’/:? ﬁé’_'f'-ﬁ, f

e e e —_———— [ L ED

and from this, the effectiveness:

cos (£E2L) ¢ G5, !

In order for n, to remain smaller than 0.5, we must have:

%—-pi*/g}amﬁ-ms}/ef"*l@:’o"

7y

The maximum effectiveness for a prescribed ¢ is reached for the

greatest possgible Gy should be made

For extended sources, oy

as large as possible; however, only large enough so that the
source will remaln within the field of view during the measure-

ment. If 1t has the diameter 2¢, then we must have

and, for the greatest achievable effectiveness, we have:

o - @r2wm6,

s
|
i
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APPENDIX D

s
1
=

Numerical Calculation for the Determination of the
Degree of Modulation of the Lamella Grid

The double integral

'gdo( dG,I'(a-c, By, z)]

L -

was evaluated using a Gauss integration'algorithm, after test
calculations had shown that this method results in a greater
accuracy than all other algorithms and with.a‘relatively short

computation time.

The integratlon routine used reguires 32 support points
in the integration interval and 1s performed using double
accuracy. It has"the name DQG32 in the Fortran program library.

In order to achieve sufficient accuracy, we divided the
integration range into 40 to 160 intervals, depending on the
functicnal valﬁe of the integrand. The variation of the integral
calculated in this way as a function of the second integration
variable is so smooth that ‘the integration range only had to be
divided once for the second integration. .This means that a double

integral is determined by 'a maximum of

(32:160)-(32:2) . = 3,28-10° f

support points.
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The calculation was carrled out on the IBM-360/90 of the
Max Planck Institute for Plasma Physics in Garching. The
calculation time per double integral was between 10 and 30 seconds.
At least two such integrals were calculated for each pointg}of the
curves determined. Substaﬁtially more values were determined in
order to have 'a check on the dependence of the integrals on the
grid shift.
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APPENDIX E /149
The Halfwidth of Atmospheric Lines
The halfwidth of the atmospheric lines 1s determined by

the pressure broadening at ‘the altitudes of 35 to 40 km of
interest here. Approximately, we have:

P 4 2 ﬁf‘ e
LAy, = T gf? 72 ‘”” 4 /

Here we have f —— oscillation intensity; ﬁJ K — numerical
,

density of particles in the corresponding rotational state

capable of radiating, 'y J X ﬁjﬂ ; n ~— total density averaged

over scale height; Y — collision damping constantg‘=6’ %%{-”[

'§% —— optilcal broadening cross section; 7 — scale length of

light path 7 = lsc/31ne, Zsc — scale height of water density;

and € — elevation of object observed.

Since the temperature is approximately constant over the
scale length of the light path, we haver\nﬁ-'COHSt ., and,
thereflore: ;

o - e B

Zﬁé}g = cohétéﬁ'ﬁ/VsinEf{
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